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Justine Virginia Kupferman 
 
Neurons are divided into functional compartments: the soma houses the DNA and transcriptional 
machinery, the axons conduct action potentials, presynaptic boutons transmit synaptic signals, and 
dendrites receive and integrate synaptic information.  These functional differences are achieved by 
localizing different complements of proteins to these compartments; axons contain a high density of 
voltage-gated channels, presynaptic boutons house the machinery for synaptic vesicle-mediated 
neurotransmitter release, while dendrites contain ligand-gated and voltage-gated ion channels that 
generate and integrate postsynaptic responses.  These primary compartments are further divided in some 
cell types, allowing the dendrite to expand its information processing power.  For example, in CA1 
pyramidal neurons of the hippocampus, a brain region crucial for memory formation, the apical dendrite is 
divided into a proximal and a distal compartment.  These two dendritic compartments receive synaptic 
inputs from different sources and contain different proteins, making them functionally distinct.  While 
many motifs and molecules have been identified that regulate the trafficking of proteins to axons versus 
dendrites, little is known about the mechanisms of protein targeting to compartments within a dendrite. 
We have investigated the regulation of protein composition of the distal dendritic compartment in 
the CA1 neurons.  This distal compartment is enriched in specific ion channels, including the 
hyperpolarization-activated HCN1 cation channel, which we have focused on because of its striking distal 
localization and its importance in hippocampal function.  Using dissociated and organotypic hippocampal 
culture systems, we show that HCN1 surface expression is activity dependent. However, the axons that 
innervate the distal compartment are not required for HCN1 localization.  Our data suggest that while 
activity plays a role in HCN1 channel regulation, it is not sufficient for the distal dendritic targeting.  We 
show that proper distal localization of HCN1 channels requires a non-cell autonomous factor. 
We provide evidence that the extracellular matrix protein reelin acts as this non-cell autonomous 
factor regulating ion channel composition of the distal dendrites.  Blocking reelin signaling in organotypic 
culture results in reduction of HCN1 in the dendrites and distal HCN1 levels are reduced in reeler mice.  
In vivo viral knockdown of dab1, the intracellular signaling partner of reelin, leads to loss of HCN1 and 
other distally enriched ion channels specifically from the distal dendrites, but does not alter ion channel 
composition of the proximal dendritic compartment.  Viral knockdown of dab1 increases a physiological 
indicator of HCN channels at the soma, indicating that some of HCN1 channels are redistributed. 
Blockade of src family kinases that are activated by reelin signaling likewise leads to a loss of distally 
enriched ion channels.  These results define a novel role for reelin signaling in dendritic 
compartmentalization by regulating ion channel composition. 
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1.1 Dynamic polarization of neurons 
 Ramon y Cajal, relying on observations of individual neurons dyed black by the Golgi stain, 
proposed the law of dynamic polarization (Cajal 1891).  This law states that nerve impulses travel uni-
directionally away from the soma along the axon and towards the soma along the dendrites (Figure 1.1).  
Across the ocean, William James independently proposed a related idea in his book Principles of 
Psychology.  He proposed the law of forward direction, stating “these paths all run one way, that is from 
‘‘sensory’’ cells into ‘‘motor’’ cells and from motor cells into muscles without ever taking the reverse 
direction” (James 1890).  As is perhaps always the case in biology, things have proved more complicated, 
however the basic concept of dynamic polarization has proved true: axons conduct electrical impulses 
away from the soma in the form of action potentials, while dendrites receive synaptic information form 
other neurons and conduct it towards the soma in the form of post-synaptic potentials.  These functional 
differences are possible because axons and dendrites contain different complements of proteins.  To use 
a widely known example, axons contain large numbers of voltage-gated sodium and potassium channels 
that allow for rapid conduction of action potentials, while dendrites contain ligand-gated and voltage-gated 
ion channels that mediate synaptic signals.  The unique complements of proteins within the subcellular 
compartments convey the functional properties that underlie the law of dynamic polarization. 
  This dynamic polarization creates a problem for cells: how does a neuron make sure dendritic 
proteins are found only in dendrites and axonal proteins only in axons?  Several solutions to this problem 
exist.  The cell could locally synthesize proteins; thus dendritic proteins would be made only in the 
dendrite and then used locally.  The discovery of protein synthesis machinery in both axons and dendrites 
suggested that this might occur (Steward & Levy 1982).  Indeed, a significant number of mRNAs undergo 
local translation in dendrites and in axons (for some recent reviews see (Sutton & Schuman 2006) (Skup 
2008) (Piper & Holt 2004).  However, the cell body is still the primary site of protein synthesis, and the 
majority of proteins are translated by somatic ribosomes (Squire 2003).  The neuron must then traffic 
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Figure 1.1 Dynamic polarization of neurons.  Neurons have three distinct functional compartments: the 
soma, axons, and dendrites.  Electrical impulses travel away from the soma along axons.  Dendrites 
receive synaptic information from connected neurons, and conduct electrical impulses along the dendrite 
towards the soma.  Arrows show direction of electrical impulse movement.  Adapted from Cajal, 1906 
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1.2 Localization to dendrites and axons 
 Several possible mechanisms exist to target newly synthesized ion channels from the soma to 
their proper location in the axon or dendrites.  In the most straightforward mechanism, proteins could be 
sorted within the trans-Golgi network after exit from the endoplasmic reticulum (ER) and directly targeted 
to their final axonal or dendritic destination.  The neuron-glia cell adhesion molecule (NgCAM) may be 
targeted to axons in this manner (Wisco et al 2003).  There is additional evidence that NgCAM is targeted 
to axons via a different mechanism: transcytosis.  In transcytosis, NgCAM is first targeted to an 
intermediate domain before it undergoes endocytosis and redistribution to its axonal final destination 
(ibid.).  A third mechanism of compartmental sorting is selective retention (alternatively called selective 
endocytosis) where proteins are uniformly distributed and are selectively retained only in their final 
destinations.  Proteins are internalized by endocytosis when found in non-target membranes.  For 
example, the synaptic vesicle SNARE, VAMP2, is uniformly inserted into both axonal and dendritic 
membrane and then selectively retained only in axons (Sampo et al 2003). 
 All of the sorting mechanisms likely rely on intrinsic signal sequences within proteins.  For axon 
localization, there are a wide variety of targeting signals rather than a few canonical signals.  Dileucine 
motifs and tyrosine motifs found in some ion channels, including Nav1.2 and Kv1.2, both bind to clathrin 
adaptor proteins and are important in selective retention sorting mechanisms (Fache et al 2004, Ohno et 
al 1997, Owen & Evans 1998, Rapoport et al 1998).  The potassium channel Kv1.2 requires the N-
terminal tetramerization motif, T1, for proper axonal targeting (Rivera et al 2005).  The T1 domain seems 
to be important for both tetramerization and for binding to the auxiliary subunit KvΒ.  KvΒ, in turn, 
interacts with a microtubule plus-end binding protein, EB1 (Gu et al 2006).  In neurons, microtubules have 
different polarities in different compartments.   Microtubules in axons are uniformly arranged plus-end out 
(away from the soma) while microtubules have mixed polarity in dendrites (Neukirchen & Bradke 2011).  
Proteins that interact with plus-end microtubules will therefore be enriched in axons, as is the case with 
EB1 and KvΒ.  Voltage-gated sodium channels destined for the axonal initial segment have two highly 
conserved sequences between the II and III transmembrane domains– one that interacts with another 
axonally localized protein, ankyrin G, and another motif that leads to endocytosis in the somatodendritic 
region (Fache et al 2004).  Numerous other localization signals, binding partners, and endocytosis 
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sequences have been identified for other targeted proteins, pointing towards the complexity of protein 
targeting in neurons (Lai & Jan 2006, Lasiecka et al 2009, Vacher et al 2008, Vacher & Trimmer 2011). 
 Protein localization to dendrites also involves a diverse pool of mechanisms and motifs.  The 
dendritic targeting of the voltage-gated potassium family of Kv4 channels requires a C-terminal dileucine 
motif (Rivera et al 2003).   This motif is sufficient to override the normal axonal targeting of channels 
Kv1.3 and Kv1.4 to the dendrites.  A dileucine sequence was also shown to be both necessary and 
sufficient for targeting a nicotinic receptor, alpha7, to the somatodendritic compartment (Xu et al 2006).  
However, since dileucine motifs appear to play a role in targeting both the dendritic and axonal 
compartments, other motifs or interactions are clearly required.  A handful of other dendritic localization 
factors have been identified.  For example, the actin-binding scaffold proteins filamin A and C interact with 
Kv4.2 channels (Petrecca et al 2000).  Phosphorylation of the C-terminal tail of Kv2.1 channels alters 
channel clustering and membrane localization (Mohapatra et al 2009).  It seems clear that there is no 
canonical dendrite targeting sequence, and there are likely to be many different motifs and interacting 
proteins involved in the targeting of the many dendritically localized channels.  There remains much to be 
learned about preferential targeting to dendrites. 
Dendrites themselves are further divided into compartments in comprised of non-uniform 
distributions of proteins in some neurons (Figure 1.2). In retinal amacrine cells, one chloride co-
transporter (Na-K-2Cl) is restricted to proximal dendrites while a different chloride co-transporter (K-Cl) is 
localized to distal dendrites (Gavrikov et al 2006).  Different subtypes of the muscarinic receptor are 
localized to the soma and proximal dendrites (m3 receptor subtype) and the distal dendrites (m2 receptor 
subtype) in reticular thalamic neurons (Oda et al 2007).  In the lateral geniculate nucleus, calcium 
channels are concentrated in proximal dendrites and decrease in density in distal dendrites (Parajuli et al 
2010).   
Neurons of the hippocampus appear to have several ion channels with non-uniform distributions 
in their apical dendrites.  The voltage-gated potassium channel Kv2.1 is restricted to the soma, axon 
initial segment, and proximal dendrites, and is mainly excluded from distal dendrites (Fox et al 2013).   
Another potassium channel, Kv4.2, increases in concentration along the dendritic axis with low 
concentrations near the soma and increasing channel density more distally (Kerti et al 2012).  The inward 
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rectifying potassium channel GIRK1 is enriched in the distal dendrites, as well (Drake et al 1997).  Why 
might there be a prevalence of non-uniform distributions of ion channels within the dendrites in neurons of 
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Figure 1.2 Selective compartmental localization of ion channels in neurons.  Some ion channels are 
localized to the axon such as the Kv1 family of voltage-gated potassium channels.  Other channels are 
targeted to regions within the dendrites.   Kv2.1 channels and some voltage-gated Ca++ channels are 
found at the soma and proximal dendrites.  Other ion channels, such as Kv4.2, are found at more distal 
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1.3 Anatomy of the hippocampus and entorhinal cortex 
 The hippocampus has been thoroughly studied since the 1950’s when Scoville and Milner 
published their groundbreaking paper on patient H.M (Scoville & Milner 1957).  Suffering from intractable 
epilepsy, H.M. underwent surgery to remove a large portion of the temporal lobe in both hemispheres, 
including both hippocampi.  His epilepsy was cured, but he was unable to form any new long-term 
memories for the remainder of his life.  Since then, understanding how the function of the hippocampus 
underlies memory formation has been the goal of many neuroscientists.   
 The hippocampal formation consists of three regions: the dentate gyrus, the hippocampus proper, 
and the subiculum (Figure 1.3).  The main excitatory neurons of the hippocampus proper are classified by 
location and morphology into three groups: CA1, CA2, and CA3 (named by Lorente de Nó after “cornu 
ammonis” or “ram’s horn” to describe the shape of the hippocampus).  In the CA1 region, the somatic 
layer is called stratum pyramidale (Figure 1.4).  Superficial to the pyramidal layer, the basal dendrites of 
CA1 neurons extend into a region known as stratum oriens.  Each CA1 neuron has a main apical dendrite 
that extends in the same direction away from the soma. The proximal region of the apical dendrite is 
known as stratum radiatum.  The distal-most region where the apical dendrites terminate is called stratum 
lacunosum moleculare.   
The basic connectivity of the excitatory neurons of the hippocampus is well characterized (Figure 
1.4) (Amaral & Witter 1989, Canto & Witter 2012, van Strien et al 2009, Witter 2007).  Entorhinal cortex 
neurons send axons to the dentate gyrus (DG).  DG axons form synapses onto dendrites of CA3 
pyramidal neurons.  CA3 neurons form synapses onto CA1 dendrites.  These CA3-CA1 projections are 
known as the Schaffer collateral projections.   In turn, CA1 axons project out of the hippocampus back to 
the entorhinal cortex.  This pattern of connectivity is known as the tri-synaptic loop (EC-DG, DG-CA3, 
CA3-CA1), and it is one of the most intensely studied circuits in the mammalian brain.  Entorhinal cortex 
information also arrives directly at CA1 pyramidal neurons and at DG neurons in what are known as 
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Figure 1.3 Anatomy of the rodent hippocampus.  This image shows the location of the hippocampus 
within the temporal lobe and its orientation along the septotemporal axis.   A cross section of the 
hippocampus parallel to this axis reveals the connectivity of the subfields in the hippocampus.   Adapted 
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Figure 1.4 Entorhinal cortex projections to the hippocampus.  Entorhinal cortex (EC) cells project 
directly onto distal dendrites of CA1 neurons via the perforant path (pink arrows).  In the tri-synaptic loop, 
EC neurons project to the dentate gyrus (red arrows).  Dentate gyrus projections terminate onto CA3 
dendrites (blue arrows).  CA3 axons form synapses onto proximal CA1 dendrites (green arrows).  CA1 
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The perforant path and the tri-synaptic loop projections originate from different regions within the 
entorhinal cortex.  The entorhinal cortex, like many other cortical regions, has distinct lamina. Perforant 
path axons that innervate the dentate gyrus and CA3 originate in layer II of the EC.  Perforant path axons 
that innervate CA1 and subiculum neurons originate in layer III of the EC (van Groen et al 2003).    
 The CA1 region is the main synaptic output of the hippocampus.  The neurons of CA1 receive 
synaptic signals both from CA3 synapses (via the Schaffer collateral projection) and directly from the 
entorhinal cortex via the perforant path projection.  CA1 neurons also receive projections from the 
contralateral hippocampus via commissural fibers.   These various inputs are spatially segregated onto 
the dendrites of CA1 neurons.  The commissural fibers target basal dendrites in stratum oriens.  Schaffer 
collateral inputs form synapses onto the apical dendrites in stratum radiatum.  Perforant path projections 
arriving from EC form synapses onto the distal apical dendrites in stratum lacunosum moleculare.  Thus, 
synaptic inputs from different brain regions are segregated into different regions of CA1 dendrites.  
Inhibitory and neuromodulatory inputs are also localized to different regions of the CA1 dendrites 
(Maccaferri 2011, Somogyi & Klausberger 2005).   
 
1.4 Synaptic integration and dendritic computations in CA1 neurons 
 The segregation of perforant path and Schaffer collateral inputs onto different regions of the 
dendrite could allow CA1 neurons to compare synaptic information from the two sources (Otmakhova & 
Lisman 1999).    Information arriving from the EC via the tri-synaptic loop will arrive approximately 20 ms 
after perforant path information, as this information must be transmitted through three chemical synapses 
before arriving at the CA1 dendrites (Yeckel & Berger 1990).  The neuron could then compare this 
information with synaptic information arriving at the perforant path synapses.  However, synaptic 
potentials arriving at distal dendrites in CA1 neurons are likely to be greatly attenuated when they arrive 
at the soma, where the decision to trigger (or not trigger) an action potential is made.  This is due in part 
to the passive cable properties of dendrites- the dendrite behaves as an electrical cable with partial 
insulation, thus as a signal travels along a dendrite it will be both weakened by loss of charge and 
broadened in duration (London & Hausser 2005, Rall 1967).   Synaptic responses in distal dendrites are 
further reduced by the localization of ion channels that reduce membrane resistance and by feed-forward 
	   12	  
inhibition at these synapses (Lacaille & Schwartzkroin 1988, Lorincz et al 2002, Magee 1999).   It is 
therefore unlikely that excitatory post-synaptic potentials (EPSPs) arising at the distal perforant path 
synapses are strong enough to trigger action potentials at the soma and participate in normal Hebbian 
(action potential dependent) plasticity (Golding et al 2005).  
 What purpose might distal synapses serve if they are unlikely to be strong enough to trigger 
action potential firing at the soma?  Experiments in the Siegelbaum lab uncovered a novel form of 
plasticity that suggests a role for the distal inputs of CA1 neurons (Dudman et al 2007).  When synaptic 
stimulation of distal and proximal synapses was paired with a precise timing that replicates the 20 ms 
delay of the tri-synaptic circuit, a robust and long lasting potentiation of the Schaffer collateral synapses 
was observed, while the perforant path synapses did not change (Figure 1.5).  This potentiation only 
occurred if the distal stimulation preceded the proximal stimulation, not vice versa.  This plasticity was 
therefore termed input-timing dependent plasticity, as the timing of stimuli pairing is crucial.  Interestingly, 
pairing two SC inputs did not induce ITDP, suggesting that the distal inputs are unique in their ability to 
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Figure 1.5 Input-timing dependent plasticity requires pairing of perforant path and Schaffer 
collateral synapses.  A. To induce ITDP in the experimental setup, perforant path synapses (PP) are 
stimulated 20ms before stimulation of Schaffer collateral synapses (SC).  B. The average EPSP evoked 
by PP or SC stimulation before (left panel) and after (right panel) the 20ms pairing protocol (where PP is 
stimulated 20ms before SC stimulation.  The PP EPSP is unchanged while the SC EPSP is larger after 
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The segregation of inputs with different pre-synaptic origins onto different regions of a dendrite is 
not unique to CA1 neurons (Figure 1.6).  In the neocortex, Layer II/III and Layer V neurons both receive 
synaptic inputs from different origins at their distal and proximal ends (Nieuwenhuys 1994).  In these 
cortical cells, proximal dendrites receive synaptic information from local cortical cells, while the distal 
dendrites receive synaptic information from more distant cortical areas and from the thalamus.  In the 
hippocampus, subiculum neurons also appear to have segregated inputs.  These cell types all share 
similar dendritic morphologies, as well (Spruston 2008).  It is quite possible that neurons in other brain 
regions take advantage of their dendritic morphology to process synaptic information in a similar manner 
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Figure 1.6 Dendrites are compartmentalized in neurons from several brain regions.  The distal 
apical dendrites (with lilac background) of hippocampal CA1 (A), cortical Layer II/III (B), and cortical Layer 
V (C) neurons receive different synaptic inputs than the proximal apical dendrites (green background).  
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1.5 HCN1 channels in distal dendrites 
 The localization of specific ion channels to either the distal or proximal dendrites could help to 
further define the different regions of the dendrite as unique compartments with distinct electrical 
properties.  As discussed above, several ion channels are enriched in proximal dendrites (Kv2.1, T-type 
CA++ channels) or distal dendrites (GIRK1).  One channel with an especially striking enrichment in the 
distal dendrites is the hyperpolarization-activated, cyclic nucleotide-gated, cation non-selective channel, 
HCN1.  In the subiculum, CA1, and neocortical layer 5 pyramidal neurons, HCN1 is found primarily in the 
apical dendrite.  Moreover, there is a dramatic gradient of channel expression where distal dendrites have 
a significant enrichment- as much as 60X more channel at the distal ends compared with proximal 
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Figure 1.7: HCN1 is localized to the distal portion of the apical dendrites.  Immunohistochemistry of 
an adult mouse hippocampus with an antibody raised against HCN1 shows high expression of HCN1 in 
SLM of CA1 pyramidal dendrites.  HCN1 in the inhibitory basket cell termini on pyramidal neurons can be 
observed in SP.  Apical dendrites of CA2 and CA3 neurons do not have the strong distal enrichment of 
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The striking expression pattern of HCN1 in the distal dendrites of neurons in the forebrain raises 
the question of what role these channels play in hippocampal function.  HCN1 is one of four members of 
the highly conserved HCN family (for review see (Robinson & Siegelbaum 2003).  They are closely 
related to the cyclic-nucleotide gated channel (CNG) family and to the ether-a-go-go potassium channels.  
HCN channels are activated by hyperpolarizing voltages negative to -50 to -60 mV in most cells.  They 
generate a depolarizing current known as Ih or sometimes If  (for “hyperpolarization-activated” or “funny” 
current) via the selective conduction of Na+ and K+ cations.  They are modulated by cyclic nucleotides that 
cause a shift in the voltage-dependence of activation toward more positive potentials.   
HCN channels were first described in the heart, where they are thought to play a role in 
pacemaking because of their unique voltage gating (Irisawa & Noma 1976).  In the sino-atrial node of the 
heart, the channels open upon the hyperpolarization that follows an action potential (Figure 1.8).  The 
depolarizing current carried by Na+ and K+ influx then depolarizes the cell, pushing the membrane 
potential towards the threshold for action potential initiation.   The subsequent depolarization then closes 
most HCN channels.  The cycle repeats after the action potential.  It is for this reason HCN channels are 
sometimes known as pacemaker channels.  They may also contribute to rhythmic activity in thalamic 
relay neurons and other brain regions that show oscillatory activity.  However they are also expressed in 
several brain regions that do not have rhythmic or pacemaker-like activity. 
HCN channels are widely expressed in the adult rodent brain and each isoform has a unique 
distribution (Moosmang et al 1999, Notomi & Shigemoto 2004, Santoro et al 2000).  HCN3 has the 
sparsest expression and is confined mainly to the olfactory bulb and piriform cortex.  HCN4 is likewise 
expressed in the olfactory bulb and is also highly expressed in habenula and the thalamus, where it is 
observed in thalamic reticular and thalamocortical relay neurons (Abbas et al 2006).  The distribution of 
HCN2 is much broader than the other channel isoforms.  HCN2 is found in the olfactory bulb, cortex, 
thalamus, cerebellum, hippocampus, and several brainstem nuclei.  HCN1 is found in the cerebellum, the 
neocortex, and the hippocampus– brain regions do not have obvious rhythmic or pacemaker-like activity, 
raising the question of what HCN1 might be doing in these neurons. 
 
 





Figure 1.8 Involvement of Ih in pacemaking activity. A.  In sino-atrial node cells in the heart, Ih is 
activated during hyperpolarization and drives the membrane potential towards threshold at which point a 
calcium-current is activated. B. In thalamic relay neurons in the brain, Ih is also activated at 
hyperpolarized voltages.  The resulting depolarization activates It and pushes the membrane voltage 
towards the threshold for action potential firing.  Both Ih and It are deactivated (or inactivated as is the 
case with It) during the action potential.  Adapted from Robinson and Siegelbaum, 2003. 
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The hippocampus is crucial for spatial learning and memory formation.  Could HCN1 channels be 
important for behaviors that require the hippocampus such as spatial learning?  To address this, the 
Siegelbaum lab generated mice that lack HCN1 channels in the forebrain.  These HCN1 knockout mice 
perform better than their wild-type littermates in the Morris water maze, a test of spatial learning (Nolan et 
al 2004).  To understand this surprising result that HCN1 knockout mice have enhanced spatial learning 
abilities, Nolan et. al. examined the synaptic properties of CA1 neurons in these mice.  HCN1 knockout 
mice had an enhancement in long-term potentiation (LTP) at the distal perforant path synapses where 
HCN1 is normally found.  The proximal Schaffer collateral synapses were unaffected by the loss of 
HCN1. 
  These results suggest that HCN1 channels may be important in the regulation of synaptic 
transmission.  The unique biophysical properties of HCN1 channels suggest additional roles for the 
channel.  As the name implies, HCN channels are opened by hyperpolarizing currents.  In CA1 neurons 
half-maximal activation of the channels occurs at approximately -85 mV.  Thus, a large fraction of the 
channels are open at rest and contribute to both the input resistance and the resting membrane potential.    
Consistent with this, CA1 neurons in HCN1 knockout mice have increased input resistance and a more 
hyperpolarized resting potential.  These two effects of HCN1 channels affect the excitability of the neuron 
in opposite ways, and it is unclear from the biophysics alone whether Ih, the current carried by HCN 
channels, should lead to an increase or a decrease in excitability.  However, experimental work has 
convincingly shown that the overall effect of Ih is a decrease in excitability in some cell types, including 
CA1 pyramidal neurons (George et al 2009, Poolos et al 2002).  The distal localization of HCN1 channels 
suggests that they may preferentially impact perforant path synaptic inputs.  Because they are 
hyperpolarization-gated and close during depolarization, HCN1 channels act as a shunt conductance.  In 
CA1 pyramidal neurons, this has the effect of reducing temporal summation of distal synaptic inputs.  This 
could explain why LTP is enhanced at perforant path synapses in the HCN1 knockout mouse.    
 The distal localization of HCN1 channels to SLM of CA1 apical dendrites is of interest both for its 
role in hippocampal function and as an ion channel trafficking problem.  Elucidating the mechanism of 
HCN1 targeting to SLM might reveal general mechanisms for localizing ion channels to dendritic sub-
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compartments.  In addition, it may aid in the understanding of the function and regulation of HCN1 
channels in CA1 neurons. 
 
1.6 Activity-dependent regulation of HCN1 
 Given the importance of HCN1 channels in synaptic integration and hippocampus-dependent 
learning and memory, a good deal of research has focused on understanding how HCN1 channel 
expression and trafficking are regulated.  Activity-dependent modulation of the channel is of particular 
interest, as it would provide a mechanism for CA1 neurons to undergo homeostatic regulation of 
excitability.  Lesion of the entorhinal cortex, and the associated axons of the perforant path, results in an 
acute down-regulation of HCN1 mRNA and protein in the days immediately following lesion (Brauer et al 
2001).  In dissociated hippocampal neuronal cultures, chronic inhibition of excitatory activity results in 
reduced levels of HCN1 protein (Arimitsu et al 2009).   Additionally, acute activation of ionotropic 
glutamate receptors results in the immobilization of the mobile fraction of HCN1 channels, supporting the 
idea that neuronal activity stabilizes HCN1 channels in the dendrites (Noam et al 2010).  Experiments in 
hippocampal organotypic cultures demonstrate that pharmacological inhibition of excitatory activity 
disrupts the targeting of HCN1 channels to the distal dendrites of CA1 neurons without altering protein 
levels (Shin & Chetkovich 2007).  Furthermore, they show that HCN1 is properly enriched in the distal 
CA1 dendrites in organotypic cultures only when the hippocampus is co-cultured with the EC attached.  
Hippocampal cultures grown without cortex do not have a gradient of HCN1, but instead have low levels 
of the channel throughout the somatodendritic region.  
 There is evidence for activity-dependent regulation of HCN1 channels from more physiological 
manipulations, as well.  Induction of Schaffer collateral LTP results in a decrease in cellular excitability 
mediated by an increase in Ih (Fan et al 2005).  Conversely, induction of long-term depression (LTD) by 
low frequency stimulation results in an increase in excitability and a decrease in voltage sag, a 
physiological measure of Ih (Brager & Johnston 2007).  These alterations in excitability were blocked by 
ZD7288, an HCN channel antagonist, suggesting that HCN channels were responsible.  
The evidence for regulation of HCN1 expression by neuronal activity is strengthened by work 
from the epilepsy field.  HCN1 mRNA decreases after seizure kindling and status epilepticus in rats 
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(Powell et al 2008).  Interestingly, the down-regulation of HCN1 following seizure is due to changes in the 
phosphorylation state of the channel and involves p38 MAPK and the phosphatase calcineurin (Jung et al 
2010).  Taken together, these results make a strong case that neuronal activity is an important regulator 
of HCN1 channel expression.   
   
1.7 Src kinases and the regulation of HCN Channels  
In 1997, the HCN channels, originally named BCNG for brain cyclic nucleotide gated channels, 
were cloned via the SH3 domain of N-src (Santoro et al 1997, Santoro et al 1998).  Since then, several 
groups have investigated a role for the src tyrosine kinases in HCN channel gating, expression, and 
localization. 
 Src activity modulates the gating of different members of the HCN channel family.  
Overexpression of a constitutively active src kinase with HCN4 results in a positive shift in the voltage 
dependence of channel opening (Arinsburg et al 2006).  The tyrosine kinase inhibitor genistein reduces 
whole-cell currents of HCN2 and HCN4 in heterologous expression experiments in Xenopus oocytes (Yu 
et al 2004).  A direct interaction between src and HCN4 was demonstrated in co-immunoprecipitation 
experiments (Arinsburg et al 2006).  The amino acid residues that confer this modulation have been 
characterized.  One such tyrosine residue is located in the C-linker of HCN2 (Zong et al 2005).  It is 
conserved among all HCN channel isoforms, suggesting that src kinases may regulate the entire channel 
family.  A second tyrosine residue, also conserved across all channel isoforms, but characterized in 
HCN4, is phosphorylated by src and alters channel gating (Li et al 2008).  In this study, inhibition of src 
phosphorylation by the src tyrosine kinase family (SFK) inhibitor PP2 decreased channel conductance 
and shifted the voltage dependence of the channel to more negative voltages.  Further mutagenesis 
located the tyrosine residue that confers this src modulation nearby to the residue identified by Zong et al. 
in the C-terminus of the channel. 
 Some recent work with HCN4 suggests that src may play a role in channel surface expression, as 
well as gating.  An HCN4 mutation (D553N) was found in a patient with long QT cardiac arrhythmia.  In a 
heterologous expression system, this HCN4 mutant showed a trafficking defect that lead to a severe loss 
in current (Lin et al 2009).  The loss of surface expression of the channel was rescued by increasing src 
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family kinase levels via overexpression of src family kinases (SFKs: src, fyn, yes et al.). This D553N 
mutation is immediately adjacent to the tyrosine residue located in the C-linker of the channels described 
above, and is present in HCN1, HCN2, and HCN4, while in HCN3 the aspartic acid is replaced by a 
glutamic acid.   
 In further support of the role of tyrosine phosphorylation in HCN channel activity, the receptor-like 
tyrosine phosphatase-α (RPTPα) modulates HCN channels in the opposite direction.  Surface expression 
of HCN2 was drastically reduced in HEK cells when co-expressed with RPTPα (Huang et al 2008).   The 
magnitude of reduction of surface expression was correlated with decreased phosphorylation of the 
channel.   
Thus, there is strong evidence that phosphorylation by src tyrosine kinases alters channel gating 
and increases surface expression of some HCN channel isoforms.  While the experiments that 
demonstrate a role for src in HCN channel modulation have been performed primarily on HCN2 and 
HCN4, all of the residues thus far identified are conserved in HCN1.  Further research to directly 




1.8 Regulation of HCN1 channels by the auxiliary subunit TRIP8b  
 A key regulator of HCN1 channel membrane expression is the auxiliary subunit TRIP8b (for TPR-
containing, Rab8b-interacting protein).  TRIP8b binds to all four HCN isoforms at conserved sequences in 
the C-terminal tails of the channels (Santoro et al 2004).  TRIP8b expression closely mirrors expression 
of HCN channels, in particular HCN1, and is enriched in the distal dendrites of CA1 pyramidal neurons.  
Alternative splicing results in several isoforms that have unique affects on the gating and trafficking of 
HCN channels (Han et al 2011, Lewis et al 2009, Piskorowski et al 2011, Santoro et al 2004).  All TRIP8b 
isoforms have a conserved C-terminal region that contains a tetratricopeptide repeat motif and is required 
for binding to the HCN channels (Figure 1.9).  Each channel subunit interacts with a TRIP8b protein to 
form an obligate 4:4 complex (Bankston et al 2012). Splicing of the N-terminal region of the channel 
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results in at least 10 isoforms.  All isoforms inhibit HCN channel gating by antagonizing the interaction of 
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Figure 1.9:  Schematic representation of the exons of TRIP8b.  The C-terminal region contains the 
tetratricopeptide repeats (represented as red rectangles) and is conserved in all isoforms.  The N-terminal 
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The biology of TRIP8b in regards to HCN channel surface expression is more complicated than 
its role in gating.  When HCN1 channels are co-expressed in Xenopus oocytes with certain isoforms of 
TRIP8b (either 1b-2, 1b-2-4, or 1a, using the naming adopted by Santoro et al., 2009), there is a dramatic 
down-regulation of HCN1 surface expression (Santoro et al 2009).  For example, co-expression of HCN1 
and TRIP8b isoform 1b-2 results in a 100-fold decrease in channel surface expression.  When HCN1 is 
co-expressed with other isoforms (either 1a-2, 1a-2-4, or 1a-4), there is an increase in HCN1 surface 
expression.  Similar results were seen when HCN1 and various TRIP8b isoforms were co-expressed in 
mammalian HEK293 cells (Lewis et al 2009). 
TRIP8b seems to regulate HCN1 surface expression in vivo, as well.  Complete knockout of 
TRIP8b (all isoforms) results in a dramatic loss of Ih and severely perturbs expression of HCN1 in CA1 
pyramidal neurons (Lewis et al 2011).  Knockdown of siRNA in CA1 neurons in the hippocampus results 
in a loss of HCN1 channels that is most pronounced at the distal dendrites where the channel is normally 
enriched (Piskorowski et al 2011).  Thus, TRIP8b appears to play an important role in regulating HCN1 
channel surface expression.  Intriguingly, different TRIP8b exons have unique expression patterns in 
CA1; exon 4 is enriched in the distal dendrites and exon 1a is enriched in axons, for example, and it is 
possible that the TRIP8b isoforms are locally regulating HCN1 channel surface expression.  
 
1.9 Distal dendritic enrichment of ion channels: cell autonomous or non-cell 
autonomous? 
While a role for neuronal activity in HCN1 expression is well established and much progress has 
been made understanding TRIP8b’s influence on channel surface expression, the mystery of HCN1 
dendritic targeting is not yet solved.  Several other factors that play a role in HCN1 surface expression 
have been identified.  The cytoplasmic actin-binding scaffolding protein filamin A was identified in a yeast 
two-hybrid screen as a binding partner of HCN1 and shown to effect membrane localization of the 
channel in heterologous cells (Gravante et al 2004).  The extracellular matrix protein vitronectin was 
shown to increase Ih and HCN1 immunoreactivity in slice cultures (Vasilyev & Barish 2004).  In the 
amygdala, neuropeptide Y and corticotrophin-releasing factor decreased and increased Ih current, 
respectively, and immunohistochemical analysis suggests the major contributor to Ih is HCN1 in these 
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neurons (Giesbrecht et al 2010).  To date, there is no direct evidence that TRIP8b regulates targeting of 
HCN1 to distal dendrites.   However, when a truncated HCN1 channel mutant that lacks the three C-
terminal amino acids (ΔSNL) is overexpressed in an HCN1 knockout mouse, the channel is not distally 
enriched in SLM, and is instead evenly distributed throughout the dendrite (Piskorowski et al 2011).  
These SNL amino acids are one of two sites of interaction with TRIP8b (Santoro et al 2011).  This might 
suggest that TRIP8b is involved in the distal localization of the channel in addition to its role regulating 
surface expression, however there is no direct evidence to support this hypothesis.  Even if TRIP8b’s is 
shown to be required for the distal enrichment of HCN1, the mystery of dendritic targeting will not have 
been solved.  The question will have merely shifted from the mechanism of HCN1 distal enrichment to the 
mechanism of TRIP8b distal enrichment.  Furthermore, GIRK1 is also distally enriched in CA1, but it does 
not interact with TRIP8b  (Fakler, unpublished).  Thus, some other factor beyond TRIP8b is clearly 
required for distal targeting of select ion channels. 
 Is this factor likely to be cell autonomous or non-cell autonomous?  In dissociated neuronal 
cultures, HCN1 channels do not appear to be distally enriched, although this question has not been 
directly addressed (Noam et al 2010).   This appears to be true for GIRK1 channels in hippocampal 
cultures, as well (Chung et al 2009).  These results suggest that a non-cell autonomous factor is required 
for the distal enrichment of ion channels. 
 
1.10 Reelin signaling in distal dendrites 
A putative non-cell autonomous factor involved in the distal enrichment of ion channels is likely to 
itself be enriched in the distal dendrites.   A handful of proteins are known to be localized to the distal 
dendrites of hippocampal neurons in CA in addition to the ion channels discussed thus far.  One such 
protein is the extracellular matrix glycoprotein reelin (Figure 1.10A).  Reelin has been studied for over 50 
years since initials studies on a mutant mouse with ataxia and a severely disorganized cortex named the 
reeler mouse (Falconer 1951). Identification of the reelin gene disrupted in reeler mutant strains led to 
characterization of the gene’s structure and its expression pattern and ushered in an era of extensive 
study of the role of reelin (D'Arcangelo et al 1995).   Several mutant reeler strains exist and the severity of 
the reeler phenotype correlates with the site of mutation in the reelin gene (D'Arcangelo 2005b).  Reeler 
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mice are severely impaired, but with special care they can survive to adulthood and have been a useful 
model for studying the role of reelin in the developing brain.  
 Reelin plays a crucial role in neuronal migration and in proper formation of cellular lamina in the 
developing embryo.  Reeler mice have abnormal cortical and cerebellar cellular layer formation, 
suggesting its importance in organization of the developing brain (Goffinet 1983).  Reelin is expressed in 
the superficial layers of the embryonic cortex and hippocampus, where it appears to act as a stop signal 
for neuronal migration (Alcantara et al 1998) (Ogawa et al 1995, Schiffmann et al 1997) (Dulabon et al 
2000).   In addition, it is crucial for the innervation and branching of entorhinal cortex axons in SLM of the 
hippocampus (Borrell et al 2007) 
Reelin is a secreted protein with non-cell autonomous effects (D'Arcangelo 2005b).  Reelin exerts 
its effects on cells via a well-characterized signaling pathway (Figure 1.10C) (For review of reeler mouse 
defects and reelin signaling see (D'Arcangelo 2005a).  In the central nervous system, reelin binds to 
ApoER2 and VLDLR, two members of the low-density lipoprotein (LDL) receptor family (D'Arcangelo et al 
1999) (Trommsdorff et al 1999).  Reelin binding to these receptors results in activation of src family 
tyrosine kinases (SFKs) (Bock & Herz 2003).   SFKs then phosphorylate the cytoplasmic signaling 
molecule, dab1, thereby activating it (Howell et al 1997, Howell et al 2000, Howell et al 1999).  Knockout 
mice that lack the dab1 gene have the reeler phenotype (Howell et al 1997, Sheldon et al 1997, Ware et 
al 1997), as do double mutants that lack genes for both ApoER2 and VLDLR (Trommsdorff et al 1999).  
Dab1 is phosphorylated by several members of the src family kinases in vitro, but only src and fyn 
phosphorylate dab1 in vivo (Arnaud et al 2003, Bock & Herz 2003, Jossin et al 2003).  Like reelin, dab1 is 
localized to SLM in the adult hippocampus (Figure 1.10B)(Borrell et al 2007). 
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Figure 1.10 Reelin in the adult hippocampus. A. Reelin staining in an adult mouse hippocampus.  
Reelin secreting cells are localized to SLM in CA1 and to SO in CA1 and CA3 (bright, punctate staining).  
Secreted reelin is localized to SLM in CA1 and CA3 (diffuse staining) as well as the dentate gyrus 
molecular layer.  B.  Dab1 is enriched in SLM (arrows) in CA1.  Scale bar = 400uM.  Adapted from Borrell 
et al., 2007. C.  The reelin signaling cascade and its role in plasticity.  Reelin binds to the low-density 
lipoprotein receptors, VLDLR and ApoER2, causing the activation of Dab1 via Src family kinases (SFK).  
Dab1 signaling can lead to alterations in the cytoskeleton and in spine density.  SFKs phosphorylate 
NMDARs and increase currents.  Reelin signaling increases AMPAR conductance, perhaps by 
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Reelin expression persists into adulthood in mammalian brains.  This lifelong reelin expression is 
of particular interest in this thesis.  Expression patterns of reelin in the adult murine brain are well 
characterized (Alcantara et al 1998).  It is highly expressed in laminated structures including the 
cerebellum, olfactory bulbs, neocortex, and hippocampus.  In the hippocampus reelin is highly expressed 
by interneurons located in the dentate gyrus and in SLM of the hippocampus proper (Alcantara et al 
1998).  In these neurons, reelin promotes development of dendritic spines (Niu et al 2004, Niu et al 2008). 
Evidence is mounting for a contribution of reelin in synaptic function and cognition, as well.  Bath 
application of reelin to acute hippocampal slices increased the magnitude of LTP (Weeber et al 2002).  
This is complemented by studies that demonstrated an increase in phosphorylation of NMDA receptors 
and of NMDAR-mediated currents after reelin exposure (Beffert et al 2005, Chen et al 2005).  In cultured 
neurons, reelin treatment led to an increase in the ratio of NR2A (the NMDA subunit more prevalent in 
mature brains) to NR2B (the subunit more prevalent in the developing brain) (Qiu & Weeber 2007).  
AMPA receptor-mediated currents also increase after reelin exposure, but in this case it appears to be 
due to an increase in surface expression rather than a phosphorylation-dependent change in channel 
gating (Qiu et al 2006b).  Defects in cognition are seen in reelin mouse models, as well.  The 
heterozygote reeler mouse produces about fifty percent of reelin, but it lacks the gross anatomical 
disorganization of the homozygous knockout and has no obvious reeler-like phenotype (for review see 
(Tueting et al 1999).  However, these mice have reduced spine density in CA1 neurons and have deficits 
in contextual fear conditioning, a hippocampus-dependent behavior (Qiu et al 2006a). 
In summary, in the adult hippocampus extracellular reelin has multiple effects on the dendrites of 
pyramidal neurons.  Reelin promotes development of dendritic spines. Reelin signaling leads to SFK-
mediated tyrosine phosphorylation of NMDARs, thereby increasing the NMDA-receptor mediated current.  
AMPA receptor insertion also increases as a result of reelin signaling.  Clearly, reelin signaling is 
contributing to post-synaptic function in the adult brain, but much is left to be learned in this relatively 
young field. 
 
  .   
 
	   31	  
1.11 Aims of this thesis 
 The introduction to this thesis has focused on the current understanding of how ion channels are 
localized to compartments within a dendrite.  The hippocampus is of particular interest in regards to this 
issue, both because of its well-studied anatomy and its crucial role in learning and memory.  To explore 
the topic of sub-compartmentalized ion channel localization, I will focus on targeting of ion channels to the 
distal dendrites of CA1 neurons.  Because of their striking enrichment in the distal dendrites, and because 
of their interesting role in spatial learning and synaptic integration, HCN1 channels will serve as both an 
exemplar of compartmentalized targeting within a dendrite and as a subject of study in their own right.   
 
What are the basic requirements of HCN1 enrichment in distal dendrites? 
 Recent work has elucidated the role of TRIP8b isoforms in the localized targeting of HCN1 to 
different regions of the neuron, including the distal dendrites.  However, questions remain.  Are the 
elements required for HCN1 enrichment present in an individual CA1 neuron?  Or is some non-cell 
autonomous factor required?  In chapter 2 I will address this question.  I will also investigate the role of 
cortical innervation on HCN1 distal enrichment. 
 
Does reelin influence HCN1 distal enrichment? 
 In the adult hippocampus, reelin is localized to SLM, where it contributes to synaptic plasticity.  
Could reelin influence the expression and localization of ion channels?  In chapter 3, I will investigate a 
novel role for reelin in ion channel enrichment in dendritic compartments.  I will again focus on HCN1, but 
I will expand my focus to include other channels, as well.  How might reelin exert its effect on ion 
channels?  Reelin increases NMDA receptor-mediated currents by increasing tyrosine phosphorylation of 
the receptor by src family kinases.  In chapter 4, I will investigate if SFK-mediated phosphorylation 
influences the distal enrichment of HCN1. 
 In chapter 5, I will discuss the implications of these findings on the current understanding of distal 
enrichment of ion channels, HCN1 trafficking, and the role of reelin in the post-natal hippocampus. 
 
 









The Role of Synaptic Activity In HCN1 Expression  
in Distal Dendrites
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2.1 Introduction 
In the hippocampus, the CA1 pyramidal neurons integrate information arriving at their apical 
dendrites from two main excitatory inputs: entorhinal cortex (EC) axons and CA3 axons.  Entorhinal 
cortex inputs form synapses at the distal ends of CA1 apical dendrites in a region named stratum 
lacunosum moleculare (SLM).  The CA3 axons forms synapses on a region of the CA1 apical dendrite 
close to the soma, a region called stratum radiatum (SR).   The CA3 – CA1 connections are the terminal 
synapses in the tri-synaptic circuit.  This circuit begins with synapses from the EC onto dentate gyrus 
(DG) neurons.  DG neurons form synapses with CA3 neurons in the second synapse in the circuit that 
ends with those CA3 axons synapsing onto CA1 dendrites.  Thus, information arrives at CA1 dendrites 
both at perforant path synapses in SLM and at the Schaffer collateral CA3 synapses.  This segregation of 
inputs allows the CA1 neuron to process synaptic signals from the two sources differently. 
Ion channels are also localized to specific regions within the CA1 apical dendrites.  The 
potassium channels Kv4.2 and KCHIP2 are enriched in SR (Monaghan et al 2008).  In SLM, the inward-
rectifying potassium channel, GIRK1, is enriched in the distal dendrites when measured at both the light 
microscopic and the electron microscopic (EM) levels (Drake et al 1997).  HCN1, the hyperpolarization 
activated cation channel, is also enriched in distal dendrites.  The distal enrichment of HCN1 is clearly 
observable at the light-microscopic level, but is even more dramatic when measured by electron 
microscopy- there is up to a 60-fold increase in immunogold HCN1 labeling from the soma to the distal 
dendrites (Lorincz et al 2002). 
The problem of how a neuron properly localizes ion channels to the distal compartment is a 
potentially difficult one.  HCN1 channels are multimeric, glycosylated trans-membrane proteins that are 
synthesized at the soma before maturation in the Golgi (Much et al 2003, Zha et al 2008).  Glycosylated 
HCN channels must then be trafficked from the Golgi to the plasma membrane in the distal dendrites, a 
potential distance to travel of some 500 uM.  It is not known if HCN1 channels are trafficked directly to the 
distal ends of dendrites and are inserted into the membrane only in SLM.  Alternatively, the channels 
could be inserted in the membrane throughout the dendrite and undergo endocytosis at high rates in 
proximal dendrites (selective retention), or they could undergo transcytosis wherein they are first 
trafficking to a temporary destination before relocation to their final destination.  Any of the three 
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mechanisms (localized trafficking, selective retention, or transcytosis) requires some signal that 
distinguishes proximal from distal compartments.   
Despite the significant progress in identifying the factors required for HCN1 surface expression, 
the requirements for targeting to distal dendrites remain unknown.  Crucial for proper trafficking of the 
channel is the accessory subunit TRIP8b (Santoro et al 2004).  Alternative splicing produces TRIP8b 
isoforms that direct changes in surface expression of HCN1 (Piskorowski et al 2011).  TRIP8b is 
expressed by hippocampal neurons in dissociated cultures, but HCN1 is not thought to be targeted 
properly to distal dendrites in culture.  It is therefore unclear if TRIP8b is both necessary and sufficient for 
proper channel localization or rather for membrane surface expression and some other factor(s) is 
required for distal enrichment.   
 Much work on HCN1 has focused on the role of neuronal activity.  Live cell imaging of 
dissociated hippocampal neurons has shown that bath application of glutamate arrests the mobile fraction 
of HCN1 channels, suggesting that trafficking of the channel is activity-dependent (Noam et al 2010).  
Furthermore, HCN1 levels decrease after seizure in some mouse models of epilepsy (Jung et al 2011, 
Kim et al 2007, Powell et al 2008).   In 2007, Shin and Chetkovitch published a paper showing that 
blocking excitatory transmission with TTX, CNQX or APV caused a reduction of HCN1 in CA1 dendrites in 
organotypic cultures (Shin & Chetkovich 2007).  Furthermore, these authors showed that the EC axons 
were required for the proper distal localization of the channel.  When hippocampi were cultured with EC 
attached, HCN1 was enriched in distal CA1 dendrites in a similar manner to in vivo.  However, when 
hippocampi were cultured in isolation without EC inputs, there was a dramatic loss in HCN1 signal in the 
distal dendrites.  In contrast, previous results from the Siegelbaum lab showed that HCN1 had normal 
distal enrichment in hippocampal cultures grown in the absence of EC (Costanzo, Santoro, and 
Siegelbaum, unpublished).   
There are two possible general mechanisms to account for the targeting of HCN1 to the distal 
dendrites of CA1 pyramidal neurons.  First, CA1 neurons could express a cell autonomous factor that 
directs the partitioning of the apical dendrite into sub-compartments, each with unique complement of 
proteins.  Alternatively, a non-cell autonomous factor could be required to sub-compartmentalize the 
dendrite.  This factor could be a cell-surface or secreted protein from another hippocampal cell type.  The 
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EC innervation could be either the non-cell autonomous factor itself or the source of this factor.  I sought 
to distinguish between these possibilities.   
  
Results 
2.2 HCN1 expression and targeting occurs during the first two postnatal weeks 
To address this question of whether a cell autonomous or non-cell autonomous factor is required 
for HCN1 distal enrichment, I first asked when HCN1 expression begins and how it progresses during 
development.  This knowledge will aid in identifying a time-window when the distal enrichment factor 
would be present to direct distal enrichment of HCN1.  Previous work has shown that HCN1 channel 
mRNA and protein expression in the hippocampus begins after birth (Bender et al 2001, Brewster et al 
2007, Moosmang et al 1999, Notomi & Shigemoto 2004).  HCN1 mRNA is detectable as early as 
postnatal day 2 (P2) (Bender et al 2001, Brewster et al 2007, Moosmang et al 1999).  HCN1 protein 
levels increase significantly over the first few postnatal weeks and approach adult levels by P18 (Brewster 
et al 2007).   During this key developmental window, HCN1 is observed pre-synaptically in the axons of 
the perforant path in the molecular layer of the dentate gyrus, however this axonal expression decreases 
during the second postnatal week and is absent in the adult hippocampus (Bender et al 2007). 
I further characterized the postnatal developmental time-course of HCN1 expression in the rat 
hippocampus (Figure 2.1).  HCN1 immunoreactivity was first detectable at low levels at P7.  At this early 
time-point, HCN1 was observed in SLM, SR, and SO.  By P10, HCN1 signal had increased dramatically 
and the distal enrichment of the channel was present, although signal was also high in more proximal 
dendritic areas.  The faint outlines of the pyramidal cell somas, indicative of HCN1’s presence in the 
inhibitory basket cells terminals that synapse onto CA1 neurons, were also detectable at P10.  By P14, 
HCN1 expression closely resembles adult expression patterns where the majority of HCN1 staining in 
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Figure 2.1: Developmental time-course of HCN1 expression in the hippocampus.  HCN1 protein 
expression at P7 (left panel), P10 (middle panel), and P14 (right panel).  By P14, expression of HCN1 is 
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2.3 HCN1 channels are not targeted to distal dendrites in dissociated neurons 
 In cultured hippocampal neurons, the expression patterns of many proteins mirror their in vivo 
patterns, including dendritic ion channels, such as A-type potassium channels ((Lin et al 2011), and 
axonally-targeted voltage-gated sodium channels (Gasser et al 2012).  I wondered if HCN1 channels 
would retain their in vivo expression pattern in dissociated neuronal preparations and be properly targeted 
to distal dendrites.  If HCN1 channels are properly targeted in dissociated cultures, this would suggest 
that the proximal/distal compartmentalization of the apical dendrite is determined in a cell autonomous 
manner.  If HCN1 channels are not targeted to the distal dendrites in dissociated neuronal cultures, this 
would suggest that a non-cell autonomous factor that is present postnatally (when the dissociated 
cultures are prepared) is required for proper targeting of the channels.   
To answer this question, I made dissociated hippocampal cultures from postnatal day 0/1 rats.  At 
day in vitro (DIV) 28, the hippocampal cultures were fixed and HCN1 distribution was examined (Figure 
2.2).  To asses the general health and morphology of dissociated neurons, dendrites were labeled with an 
antibody raised against MAP2 (Microtubule Associated Protein 2) that localizes to dendrites and is 
excluded from axons (Caceres et al 1984).  The dendritic arbor was well developed in cells with typical 
pyramidal neuron morphology at DIV28 (Figure 2.2 A, middle panel).  MAP2 levels decline with increasing 
distance from the soma (Figure 2.2C).  This is expected as the dendritic diameter decreases in secondary 
and tertiary branches compared with primary apical dendrites.   
HCN1 expression was then evaluated.  HCN1 was observed in the soma and throughout the 
dendrites of dissociated neurons (Figure 2.2 A left and right panels).  However, there was no increase in 
HCN1 signal as a function of dendritic distance from the soma (Figure 2.2B).  To account for the 
decrease in dendrite size, I took the ratio of HCN:MAP2 signal.  The ratio of HCN1:MAP2 was uniform 
along the dendrite (Figure 2.2D).  Thus, even when accounting for dendrite diameter, no distal enrichment 
of HCN1 was observed.  I therefore conclude that HCN1 is not distally enriched in dendrites of 
dissociated hippocampal cultures.  Furthermore, this suggests that an intrinsic, non-cell autonomous 
factor is involved in the distal enrichment of HCN1. 
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Figure 2.2 HCN1 is not targeted to distal dendritic regions in dissociated hippocampal cultures.   
A. Example of a dissociated hippocampal neuron at DIV28 stained for HCN1 (left panel), MAP2 (center 
panel), and the overlay of HCN1 (green) and MAP2 (magenta).  Scale bar = 50uM.  B. HCN1 intensity 
decreases as a function of distance from the soma along the dendrite (left).  C. MAP2 shows a similar 
decrease in staining intensity as a function of dendritic distance from the soma.  D. The ratio of HCN1 to 
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2.4 Virally overexpressed HCN1 in CA2 is not targeted to distal dendrites 
 In the hippocampus proper, HCN1 levels are high in CA1 and much lower in CA2.  Moreover, 
HCN1 does not appear to be enriched in the distal dendrites of CA2 pyramidal neurons, even though the 
distal dendrites of CA2 receive strong synaptic inputs from the entorhinal cortex inputs that also 
innervated SLM of CA1 neurons (Chevaleyre & Siegelbaum 2010).  It is not known if the machinery 
present in CA1 neurons that directs the distal enrichment of HCN1 channels is also present in CA2.  To 
determine if HCN1 would be enriched in the distal dendrites if protein levels were artificially increased in 
CA2, I used an adeno-associated virus (AAV) to drive expression of a fluorescently tagged HCN1 fusion 
protein in vivo.  Previous work from the Siegelbaum lab has shown that virally driven HCN1-GFP fusion 
proteins are properly targeted to the SLM in CA1 (Piskorowski et al 2011, Santoro et al 2009).  I used 
AAV2/5, a serotype of AAV that is preferentially expressed in CA2 (Hitti, Kupferman, and Siegelbaum, 
unpublished).  I performed stereotactic injections of HCN1-GFP into the hippocampus of adult wild-type 
mice (Figure 2.3A).  
The CA2 region was identified by pyramidal cell morphology.  HCN1-GFP in CA2 was expressed 
throughout the dendrites of CA2.  HCN1-GFP was not enriched distally in CA2 dendrites.  HCN1-GFP 
was clearly visible throughout the apical dendrites as well as in the basal dendrites.  For comparison, 
staining of endogenous HCN1 is shown in Figure 2.3 B.  The striking distal enrichment of HCN1 in CA1 is 
absent from the distal dendrites of CA2 and overall levels of the channel are much lower in this region.   I 










	   40	  
 
 
Figure 2.3 Viral overexpression of HCN1-GFP in CA2.  A. HCN1-GFP is observed throughout the 
dendrites of CA2 neurons when it is overexpressed following injection of a viral vector.  Scale bar = 
200uM.  GFP signal was amplified using an anti-GFP antibody. B. Endogenous HCN1 in the 
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2.5 HCN1 is targeted to distal dendrites in organotypic hippocampal cultures 
grown without EC 
 Having established that HCN1 is not properly enriched in the distal dendrites of dissociated 
neuronal cultures, I next asked if HCN1 is correctly targeted in organotypic hippocampal cultures grown 
without EC.  Unlike in dissociated neuronal cultures, in organotypic cultures much of the in vivo 
connectivity of the hippocampus is preserved (De Simoni et al 2003, Gahwiler et al 1997).  I investigated 
if HCN1 channels would be properly targeted to distal dendrites in hippocampal cultures grown in the 
absence of EC, confirming unpublished results, or if HCN1 distal enrichment required the presence of EC 
axons as shown by Shin and Chetkovich, 2007.   
I made organotypic hippocampal slice cultures without EC from P7 rats using a McIlwain tissue 
chopper.  Slice cultures were grown 7 days in vitro before fixation and immunohistochemistry.  Figure 2.4 
shows the immunohistochemistry for HCN1 at a DIV7 organotypic hippocampal culture without EC and a 
p14 rat hippocampus (therefore of the equivalent age) for comparison.  In Figure 2.4A, the enrichment of 
HCN1 in the distal dendrites of a DIV7 organotypic culture is clearly observed.  The area demarcated by 
the red rectangle is shown in higher magnification in Figure 2.4C.  The corresponding graph of staining 
intensity (in AUs) as a function of dendritic distance from the somatic region shows the distal enrichment 
of HCN1 (Figure 2.4C, right).  Increasing amounts of HCN1 are detected moving along the dendritic axis 
from the somatic region (S) through the proximal dendritic region (P) to the distal dendritic region (D).  I 
have adopted this terminology (somatic, proximal, and distal dendritic regions) as opposed to the usual 
naming of dendritic sub-regions (SP, SR, and SLM) because of the difficulty in defining the borders 
between these regions in the slice cultures.  The equivalent in vivo time-point from a rat hippocampus is a 
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Figure 2.4 HCN1 channel localization in organotypic slice cultures is similar to in vivo localization. 
A. An example DIV7 culture stained for HCN1 shows high levels of channel in CA1 region.  Increasing 
HCN1 intensity is observed along the dendrites with the lowest intensity in the somatic region (S) and the 
highest intensity in the distal region (D). Red rectangle demarcates area shown in C. Compare to a P14 
rat hippocampus in B. where HCN1 expression pattern is similar.   Scale bar = 200uM.  C. Higher 
magnification image of area indicated in A shows HCN1 intensity pattern in CA1 in organotypic slice.  
Right panel shows example trace of HCN1 intensity (AUs) as a function of dendritic distance from the 
soma.  D. Higher magnification image of area demarcated by the red rectangle in B shows a similar 
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To quantify the role of EC inputs in HCN1 distal enrichment, I measured MAP2 and HCN1 
intensity in hippocampi cultured both with and without EC attached (Figure 2.5).  At DIV 8, cultures were 
fixed and processed for immunohistochemistry.  I first examined MAP2 levels (Figure 2.5 B and F).  
MAP2 levels were unchanged in cultures grown with or without EC in the somatic region (with EC = 101.1 
+/- 10.7 AU, without EC = 84.3 +/-13.1 AU, n = 9,7,unpaired t-test p = 0.462), the proximal dendritic 
region (with EC = 101.1 +/- 10.7 AU, without EC = 84.3 +/-13.1 AU, p = 0.137), or the distal dendritic 
region (with EC = 137.7 +/- 13.7 AU, without EC = 115.6 +/- 12.4 AU, p = 0.555) (Figure 2.5D). 
I next examined HCN1 localization.  No significant difference in HCN1 localization in cultures 
grown with or without EC was found (Figure 2.5 A and E).  Mean HCN1 intensity in the distal dendritic 
region was not significantly different between hippocampal cultures grown with EC (137.7 +/- 13.7 AU) or 
without EC (115.6 +/- 12.4 AU, p= 0.265) (Figure 2.5 C).  Furthermore, there was no difference at the 
somatic region (with EC = 101.0 +/- 10.7 AU, without EC = 84.3 +/- 13.1 AU, p = 0.334) or at the proximal 
dendritic region (with EC = 74.5 +/- 9.1 AU, without EC = 65.5 +/- 8.5, p =0.546).  I conclude that EC 
inputs are not required for the distal localization of HCN1 channels in organotypic hippocampal cultures. 
From these experiments in organotypic cultures and my results from dissociated hippocampal 
cultures, I conclude that the targeting of HCN1 to the distal dendrites is not a cell autonomous process.  
Thus, some non-cell autonomous factor present in the postnatal hippocampus (and in the organotypic 
culture) is required for proper targeting of HCN1.   
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Figure 2.5 Entorhinal cortex inputs are not required for HCN1 targeting. A. Examples of organotypic 
cultures stained for HCN1 (top) and (B) MAP2 (bottom) in DIV7 slices grown without (top panels) or with 
EC attached (bottom panels).  Scale bar = 200uM.  C. There is no difference in HCN1 intensity or in 
MAP2 intensity (D) in somatic, proximal, or dendritic regions in cultures grown with EC (black bars) or 
without EC (white bars).  E. Higher magnification images of example DIV7 organotypic cultures grown 
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2.6 Blockade of excitatory neurotransmission reduces HCN1 levels 
 Having established that HCN1 is enriched in distal dendrites in organotypic cultures both with and 
without EC, I could then manipulate the culture conditions to assess the importance of various factors in 
HCN1 localization.  I was particularly interested in the role of activity in HCN1 distal enrichment since 
previous work has shown both activity-dependent regulation of HCN1 surface expression in dissociated 
neurons and following seizure activity in the adult brain.  I hypothesized that excitatory activity is 
important in HCN1 distal enrichment.  To test this, organotypic slice cultures were subjected to blockade 
of excitatory activity by adding APV (to block NMDA receptors) and CNQX (to block AMPA receptors) to 
the media from DIV8 to DIV10.  Cultures were then fixed and stained for HCN1 and MAP2.   
To assess the health of the cultures, I measured MAP2 staining intensity at the somatic, proximal, 
and distal dendritic regions (Figure 2.6B).   Dendrites labeled with MAP2 extended several hundred 
micrometers from the somatic layer and terminated at the hippocampal fissure.  As expected, MAP2 
levels were uniform throughout the dendritic axis.  Activity blockade did not significantly reduce MAP2 
staining compared with controls.  In the somatic region, mean MAP2 intensity in control cultures was not 
significantly different in APV/CNQX treated cultures, although there was a trend for a decrease in MAP2 
levels following activity blockade (control = 82.1 +/- 10 AU, APV/CNQX = 67.3 +/- 7.5 AU, n= 6,5, p = 
0.314)(Figure 2.6 D).  A similar trend was observed in the proximal dendritic region (control = 81.4 +/- 
11.6 AU, APV/CNQX = 60.6 +/- 7.6 AU, p = 0.219) and in the distal dendritic region (control = 87.0 +/- 
12.2 AU, APV/CNQX = 62.0 +/- 9.3 AU, p = 0.179)(Figure 2.6D).    
I next examined HCN1 levels along the dendrites in control and in APV/CNQX treated cultures 
(Figure 2.6 A).  HCN1 levels were significantly reduced in all three dendritic regions measured.  In the 
distal dendritic region, HCN1 intensity was significantly reduced in APV/CNQX treated cultures 
(APV/CNQX = 50.8 +/- 5.1 AU, control = 99.0 +/1 12.5 AU, p = 0.017) (Figure 2.6 C).  In proximal 
dendritic and somatic regions, HCN1 levels were also reduced  (in proximal: APV/CNQX = 39.8 +/- 3.9 
AU from 73.2 +/- 4.0 AU, p = 0.0004; in soma: APV/CNQX = 54.6 +/- 6.8 AU, control = 27.0 +/- 2.8 AU, p 
= 0.014). 
To determine if activity blockade resulted in a loss of HCN1 channel or a redistribution of the 
channel, I measured the ratio of distal to somatic (D:S ratio) HCN1 staining in APV/CNQX treated cultures 
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and control cultures.  There was no difference in the D:S ratio in APV/CNQX treated cultures compared 
with control cultures (APV:CNQX = 1.95 +/- 0.3, control = 1.90 +/- 0.2, p = 0.895).  This indicates that 
HCN1 channels are not re-distributed to more proximal dendrites following activity blockade, but rather 
that HCN1 levels decline throughout the dendrite, most strikingly in the distal compartment. 
In addition, I blocked neuronal activity in organotypic cultures with tetrodotoxin (TTX)(data not 
shown).  These experiments also showed a reduction in HCN1 levels following activity blockade.   
However, there was also a significant loss of MAP2 signal.  Furthermore, Nissl staining showed what 
appeared to be a loss of pyramidal neurons in TTX treated cultures.  Although the observed loss of HCN1 
signal following TTX treatment is consistent with similar experiments reported in Shin and Chetkovich 
2007, I was concerned that the loss of HCN1 was a secondary effect due to increased cell death and 
decreased neuronal health in the TTX treated sections.  Though the reduction in MAP2 signal following 
APV/CNQX treatment did not reach significance, it was of concern that cell death or poor dendritic health 
might be side effects of chronic activity blockade in organotypic cultures.  I therefore did not further 
pursue these experiments. 
In sum, these results are in agreement with the reported reduction in HCN1 levels in organotypic 
cultures after excitatory activity blockade in Shin and Chetkovich, 2007.  I conclude that excitatory activity 
is required for the proper localization of HCN1 channels in the distal dendritic membrane.  However, it is 
still unclear whether activity is required for the targeting of the channels or for membrane insertion and/or 
retention.   Furthermore, my results from dissociated cultures indicate that some other non-cell 
autonomous factor is required for proper distal enrichment of HCN1 channels.  This factor is absent (or 
improperly localized) in dissociated cultures, but present in the organotypic hippocampal culture.  I next 












Figure 2.6 Excitatory activity blockade reduces HCN1 levels.  A. Example cultures of HCN1 
immunohistochemistry of an APV/CNQX treated culture (top) and a control culture (bottom).  B.  MAP2 
immunohistochemistry of an APV/CNQX treated culture (top) and a control culture (bottom).  C.  
Quantification of mean HCN1 staining intensity (in AU) in control slices (black bars) and APV/CNQX 
treated cultures (white bars) in somatic (S), proximal (P), and distal (D) dendritic regions.  HCN1 levels 
are significantly reduced throughout the dendrite.  D.  Quantification of mean MAP staining intensity in S, 
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2.7 Netrin G Ligand-1 is not required for HCN1 distal dendrite enrichment 
 The first candidate I examined in my search for factors involved in HCN1 distal enrichment was 
netrin G ligand-1 (NGL-1).  NGL-1 is a dendritic protein that spans the plasma membrane to contact its 
pre-synaptic binding partner netrin G.  NGL-1 is part of the NGL family of cell adhesion that consists of 
three known members: NGL-1, NGL-2, and NGL-3 (Kim et al 2006). They play a role in regulating 
excitatory synapse formation (Kim et al 2006).  The localization of the NGL proteins in the hippocampus 
was of particular interest.  NGL-2 and netrin-G2 are found exclusively at Schaffer collateral synapses 
while NGL-1 and Netrin-G1 are found in SLM on distal CA1 dendrites and EC axons (Figure 2.7).  
Reduced levels of NGL-2 lead to a reduction in synapse number at Schaffer collateral synapses in SR 
only, leaving SLM synapses unchanged (DeNardo et al 2012).  NGL-1 and netrin G1 may play a parallel 
role in regulating synapse formation in SLM to that which NGL-2 and netrin G2 play in SR synapse 
formation.  The function of NGL-1 in SLM remains unclear, but its location and proposed role in synapse 
regulation make it an interesting candidate for HCN1 regulation.  I therefore wondered if HCN1 










Figure 2.7 Diagram of netrin G ligand localization in the hippocampus. Netrin G2 on pre-synaptic 
Schaffer collateral axons interacts with NGL-2 post-synaptically.  Netrin-G1 interacts with NGL-1 post-
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I examined the brains of adult NGL-1 knockout mice and their wild-type littermates for changes in 
HCN1 expression (Figure 2.8A).  No change in HCN1 levels was found at the soma (NGL KO = 2459 +/- 
1467 AU, WT = 3944 +/- 1255 AU, n = 3,3 p = 0.522) or in SR (NGL KO = 3678 +/- 1505, WT = 4411 +/- 
340.5, p = 0.6816) (Figure 2.8B).  There was a trend towards a small reduction in HCN1 levels in the 
NGL-1 knockout mice, but this was not significant (NGL-1 KO = 16198 +/- 178 AU, WT = 13685 +/- 
1437AU, p = 0.225).  This slight decrease could be due to a reduction in number of synapses in SLM.  
However, the role of NGL-1 in synapse formation was not the focus of this work.  I conclude from these 
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Figure 2.8 HCN1 expression is not altered in NGL-1 knockout mice. A. Low magnification images of 
HCN1 staining in an NGL-1 knockout mouse (left) and a wild-type littermate (right).  Scale bar = 200uM.  
B. There is no difference in HCN1 levels (in AUs) in SP, SR, or SLM between NGL-1 knockout mice 
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2.8 Discussion 
 My results show that HCN1 targeting to distal dendrites requires a non-cell autonomous factor.  
HCN1 channels are seen throughout the dendrites of dissociated hippocampal cultures (Figure 2.2).  
Even when I account for the decrease in dendritic diameter by normalizing the HCN1 signal to the MAP2 
signal, there is no enrichment of HCN1 levels at more distal dendritic regions compared with proximal 
regions.  Furthermore, this non-cell autonomous factor appears to be specific to CA1 distal dendrites.   
Viral overexpression of HCN1 in CA2 (where HCN1 levels are normally much lower than in CA1) 
demonstrates that the channels are not targeted to the distal ends of these dendrites (Figure 2.3).  This 
suggests that either the instructive factor that directs targeting of the channels in CA1 is absent from CA2, 
or the machinery that responds to this factor is absent from CA2.  These results are complementary to my 
findings in organotypic cultures, where HCN1 is properly targeted to distal dendritic regions, suggesting 
that this mysterious non-cell autonomous factor is present in the hippocampal slice (Figure 2.4 and 2.5).  
Since HCN1 is enriched in the distal dendrites in organotypic slice cultures, I could use the slice culture 
model to search for key factors in HCN1 distal enrichment. 
 An obvious candidate for this non-cell autonomous factor is entorhinal cortex innervation.  The 
EC axons project exclusively to SLM in vivo, where HCN1 is enriched, and previous work has shown a 
role for activity in HCN1 expression.  However, my results show no requirement for EC axons on HCN1 
distal enrichment.  Organotypic cultures had similar HCN1 expression patterns in cultures grown both 
with and without co-cultured EC (Figure 2.5).  This result conflicts with results reported by the Chetkovich 
lab.  They reported a loss of HCN1 immunoreactivity in the distal dendritic region when hippocampal 
cultures were grown in isolation without cortex attached (Shin & Chetkovich 2007).  I had been skeptical 
of this result for two main reasons.  First, previous experiments from the Siegelbaum lab demonstrated 
that a hippocampal slice grown in culture without any cortex attached showed distal enrichment of HCN1 
channels.  Second, because of the innervation pattern of the entorhinal cortex to the hippocampus in vivo, 
it is unlikely that the original EC inputs would be preserved in a slice culture.  In vivo, axons originating 
from the lateral entorhinal cortex project to the dorsal, septal hippocampus, while ventral entorhinal cortex 
projects to the medial hippocampus (van Groen et al 2003).  In slice cultures of typical thickness (300 to 
400 uM), the majority of EC axons would be severed during slice culture preparation.  Axons from 
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attached co-cultured cortex will regrow and re-innervate the hippocampus, but these are likely to be a 
combination of re-grown original projections and new projections resulting from the culture conditions (Li 
et al 1995, Woodhams & Atkinson 1996).  I am therefore quite confident in the result showing that EC 
inputs are not required for HCN1 distal dendritic enrichment, though I do not have an explanation for the 
discrepancy between my results and those of Shin and Chetkovich. 
The results from experiments in organotypic cultures with blockade of neuronal activity are 
consistent with previous results.  The loss of HCN1 signal intensity from the dendrites after APV/CNQX 
treatment (Figure 2.6) and TTX (data not shown) is consistent with the results reported by Shin and 
Chetkovich.  This result adds to a growing body of literature demonstrating activity-dependent regulation 
of HCN1 channels.  Of particular interest, experiments in acute adult hippocampal slice have 
demonstrated that tong term potentiation leads to increases in HCN1 protein levels and reduced neuronal 
excitability (suggesting that these channels are in the membrane and are contributing to increased Ih) 
(Fan et al 2005).  This increase in HCN1 required NMDA receptors and was blocked by TTX.   
Experiments on dissociated hippocampal neurons have also indicated an important role for activity in the 
membrane insertion and/or retention of HCN1 channels (Arimitsu et al 2009, Noam et al 2010).   Growing 
evidence supports activity-dependent regulation of HCN1 channel surface expression, and the 
pathological activity seen in epileptic mice clearly affects channel expression (Jung et al 2010, Jung et al 
2011, Powell et al 2008).  Though not the primary focus of this thesis, it will be of great interest to further 
explore what role synaptic activity, both physiological and pathological, plays in the localization and 
expression of HCN1 channels.  My results suggest a role for synaptic activity in HCN1 regulation, but they 
do not differentiate between a role for activity in HCN surface expression and in HCN1 trafficking to distal 
dendrites.  Activity blockade did not result in a redistribution of HCN1 channels to more proximal 
dendrites.  Instead, HCN1 levels declined throughout the dendrites.  It will be of great interest in the future 
to elucidate the role of activity in HCN1 regulation. 
My results from dissociated neuronal cultures demonstrate that an additional factor(s) is required 
for proper targeting of HCN1 channels to the distal dendrites.  I examined one candidate for this non-cell 
autonomous factor: Netrin G ligand-1 (NGL-1).  NGL-1 is found in SLM and has been proposed to be 
important for synapse formation specifically in that region, a role that would parallel that of Netrin G 
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ligand-2’s role in SR (DeNardo et al 2012).  I characterized NGL-1 knockout mice and saw no change in 
HCN1 levels in SLM or at any other region of the dendrite (Figure 2.8).  I therefore eliminated NGL-1 as a 
candidate for the non-cell autonomous factor required for HCN1 enrichment in the distal dendrites. 
In the next chapter, I describe experiments on another candidate that met the basic criteria for a 
non-cell autonomous factor that mediates HCN1 enrichment in distal dendrites: reelin.  The extracellular 
matrix protein reelin is present in the postnatal brain at the time when HCN1 expression begins.  It is 
enriched in SLM in CA1, and its intracellular signaling molecule, Dab1, is present in the dendrites of CA1 
pyramidal neurons.  I therefore investigated a role for reelin in HCN1 localization. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  








Reelin Regulates Ion Channel Targeting to Distal Dendrites 
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3.1 Introduction 
 Neurons are divided into functional compartments.  The specialized functions of these neuronal 
compartments are facilitated by unique complements of proteins; voltage-gated sodium and potassium 
channels allow action potentials to occur in the axons, while postsynaptic potentials in the dendrites are 
mediated by ligand-gated receptors.  Within a dendrite, both ligand-gated and voltage-gated ion channels 
are further segregated into compartments.  While much work has elucidated the mechanisms of ion 
channel trafficking to axons versus dendrites, little is known about how this sub-compartmentalization of 
ion channels within the dendrites occurs (Arnold 2007, Lai & Jan 2006).   In CA1 hippocampal neurons 
and layer 5 cortical neurons, for example, the distal tufts of the apical dendrites have up to 60 times more 
HCN1 channels in the membrane than in proximal dendrites (Lorincz et al 2002).   Some factors 
regulating the surface expression of HCN1 have been identified, but to date little is known about the 
mechanism of dendritic enrichment of the channels.  Identifying the factors that control distal dendrite 
composition of CA1 neurons would aid in the understanding of ion channel trafficking regulation and in 
hippocampal function. 
 The extracellular matrix protein reelin has a well-characterized role in embryonic development 
(Fatemi 2005).  It is essential for neuronal migration and the proper development of laminar brain regions 
including the cortex and hippocampus (Curran & D'Arcangelo 1998, D'Arcangelo 2001, D'Arcangelo et al 
1995, Tissir & Goffinet 2003).  In addition, in the developing hippocampus reelin regulates innervation of 
entorhinal cortex axons to SLM and the dendritic orientation of the Golgi apparatus (Borrell et al 2007, Del 
Rio et al 1997, Matsuki et al 2010).  
Reelin protein expression persists in the postnatal brain, long after neuronal migration has 
occurred.  Several functions for reelin in the postnatal brain have been described. Reelin signaling 
promotes dendritic maturation and spine development of hippocampal and cortical pyramidal neurons 
(Chameau et al 2009, Niu et al 2004, Niu et al 2008).  Reelin plays a role in synaptic plasticity and 
learning and memory.  Acute exposure to reelin in vivo was shown to enhance LTP at Schaffer collateral 
synapses in CA1 neurons and improve performance in spatial memory behavioral assays (Rogers et al 
2011).  Reeler haploinsufficient mice have reduced spine density in CA1, reduced LTP, and learning 
deficits that were rescued by reelin supplementation (Rogers et al 2012).  Furthermore, reelin regulates 
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surface expression and subunit composition of both AMPA and NMDA receptors, respectively (Groc et al 
2007, Qiu & Weeber 2007, Qiu et al 2006b, Sinagra et al 2005).  However, the role of reelin signaling in 
the localization of voltage-gated ion channels has not yet been explored. 
 In the postnatal hippocampus reelin is secreted by inhibitory neurons that sit in SLM (Alcantara et 
al 1998, D'Arcangelo et al 1995, Del Rio et al 1997, Schiffmann et al 1997).  Both reelin and dab1 are 
localized to the distal dendritic region of CA1 at this time.  Thus, the reelin signaling cascade is localized 
to the distal compartment of CA1 in the postnatal hippocampus at a time when initial HCN1 expression 
and localization occurs.  Having established in chapter 2 that a non-cell autonomous factor is required for 
proper distal dendritic enrichment, I hypothesized that reelin is important in the proper expression of 





3.2 Blocking reelin in organotypic cultures reduces HCN1 expression in distal 
dendrites 
 To investigate the role of reelin in HCN1 localization, I first returned to the organotypic slice 
culture system.  I took advantage of a pharmacological method to block reelin signaling.  Receptor-
associated protein (RAP) is an intracellular chaperone for the reelin receptors.  When it is bath applied 
extracellularly, it binds to the reelin receptors, thereby preventing reelin from binding and activating 
downstream molecules including dab1 and SFKs (Chen et al 2005).   
To investigate the role of reelin on HCN1 localization, I made organotypic hippocampal slice 
cultures from p 6/7 rats.  At DIV 8, a purified recombinant GST fusion protein of GST RAP (50 ug/mL) or a 
GST Control (GST GABARAP, 50 ug/mL) was added the culture media.  The GST control GABARAP was 
chosen because it is has a similar molecular weight, but should not have any effects when bath applied 
extracelllarly (Leil et al 2004).  After 48 hr, cultures were fixed and stained for MAP2 (to assay changes to 
dendritic morphology and overall health of the cultures) and HCN1 (Figure 3.1).  HCN1 intensity was 
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significantly reduced in the distal dendrites of RAP treated cultures compared with GST Control treated 
cultures (RAP treatment = 128.7 +/- 11.1 AU, GST control = 163.2 +/1 11.7 AU, n= 19, 12, Unpaired t-test 
p = 0.0491)(Figure 3.1 A and C).  At more proximal dendrites, HCN1 levels were also significantly 
reduced by RAP treatment (RAP treatment= 109.2 +/- 8.6 AU, GST control = 139.6 +/- 11.5 AU, p = 
0.0397).  At the somatic region, there was a similar trend in HCN1 level reduction in RAP treated sections 
that did not reach significance (RAP treatment= 86.8 +/- 7.7 AU, GST control = 110.2 +/- 8.2 AU, p = 
0.0541).   
To assess whether reelin signaling blockade with RAP results in a selective loss of HCN1 
channels from the distal dendrites or if it results in a global decline in HCN1 levels throughout the 
dendrites, I measured the ratio of HCN1 staining intensity at the distal dendrites to the intensity at the 
somatic region (D:P).  The D:P ratio enables us to distinguish between global changes in HCN1 levels 
(that should not alter the D:P ratio) versus a specific loss in the distal enrichment of HCN1 channels (that 
should lead to a reduction in the D:P ratio).  The D:P ratio is RAP treated cultures was not significantly 
different than the D:S ratio of GST control treated cultures (RAP treated = 1.19 +/- 0.06, GST control = 
1.18 +/- 0.05, n = 12, 19, p = 0.862).  This suggests that in organotypic cultures, blockade of reelin 
signaling with RAP causes a global reduction in HCN1 levels.  That the D:P ratio is unchanged following 
RAP treatment demonstrates that HCN1 is still distally enriched, even though total channel levels are 
reduced.    
In contrast, MAP2 levels were unchanged in RAP treated cultures throughout the dendrite, 
indicating that the alteration in HCN1 signal was not due to changes in gross dendritic morphology (distal: 
RAP treatment= 100.7 +/- 5.6 AU, GST control = 112.3 +/- 4.7 AU, p = 0.160; proximal: RAP treatment= 
115.3 +/- 7.5 AU, GST control = 123.1 +/1 9.7 AU, p = 0.547; at soma: RAP treatment= 88.8 +/- 5.5 AU, 
GST control = 98.3 +/- 6.1 AU, p = 0.270)(Figure 3.1 B and D).  From these experiments, I conclude that 












Figure 3.1 Blockade of reelin signaling with RAP decreases HCN1 levels. A.  HCN1 staining in RAP 
treated (top panel) and GST control treated cultures (bottom panel).  RAP prevents reelin from binding to 
its receptors. B. MAP2 levels are unchanged in RAP treated (top panel) versus GST control treated 
(bottom panel).  Scale bar = 200uM C. Average HCN1 intensity (in AUs) is significantly reduced in distal 
(D) and proximal dendritic regions (P), but not in the somatic region (S) in RAP treated (white bars) 
compared with GST Control treated (black bars).  D. MAP2 levels are not altered in RAP treated cultures 
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3.3 Ion channel localization is altered in reeler mice 
 Having demonstrated that HCN1 enrichment in the distal dendrites is disrupted by reelin blockade 
in organotypic cultures, I hypothesized that reelin is important in the targeting of ion channels that are 
enriched in SLM, including HCN1.  To test this, I examined the brains of reeler mice.  These mice lack 
reelin throughout the life of the animal. 
 I first examined the distribution of HCN1 in adult reeler mice (Figure 3.2 A - D).  Reeler mice have 
a significant reduction in HCN1 levels in SLM (WT mice = 60.6 +/- 4.9 AU, reeler mice = 38.5 +/- 5.2 AU, 
n = 4,4. Unpaired t-test p = 0.021). In contrast, HCN1 levels were not significantly altered in SR (reeler 
mice = 25.7 +/- 2.9 AU, WT mice = 25.1 +/-1.8 AU, p = 0.859) or in SP, although there was a trend 
towards a reduction in HCN1 levels in this region (reeler mice = 23.5 +/- 2.3 AU, WT mice = 32.8 +/- 4.7 
AU, p = 0.129).  To assess whether HCN1 levels were globally altered or if the distal enrichment of HCN1 
was preferentially affected in reeler mice, I measured the ratio of HCN1 staining intensity in SLM over the 
HCN1 staining intensity in SR.  Global changes in HCN1 levels should not necessarily alter the SLM:SR 
ratio whereas alterations in the distal enrichment of HCN1 channels would lead to a reduction in the 
SLM:SR ratio.  In reeler mice, the SLM:SR was significantly reduced compared with WT mice (reeler mice 
= 0.94 +/- 0.16, WT mice = 2.43 +/- 0.2, p = 0.0012).  This indicates that HCN1 levels in the distal 
dendrites are more severely affected by the loss of reelin, suggesting it may be important in distal 
dendritic targeting.  
Next, I examined expression of another distally enriched protein, GIRK1, an inward-rectifying 
potassium channel.  Similarly to HCN1, GIRK1 was significantly reduced in SLM in reeler (reeler mice = 
122.5 AU +/- 10.7 AU, WT mice = 162.8 +/- 9.9 AU, p = 0.045) (Figure 3.2 E – H).  However, GIRK1 
levels were not significantly different in SR (reeler mice = 93.7 +/- 6.5 AU, WT mice = 114.4 +/- 4.0 AU, p 
= 0.055), but they were slightly reduced in SP (reeler mice = 92.7 +/- 4.9 AU, WT mice = 114.4 +/- 4.5 
AU, p = 0.025).  The ratio of GIRK1 staining in SLM:SR was not significantly reduced in reeler mice 
compared with wild-type mice, but there was a strong trend toward a reduction in this ratio (reeler mice 
=1.30 +/- 0.04, WT = 1.42 +/- 0.04, p = 0.097).  
 I examined the distributions of proteins that are present in the distal dendrites, but are not 
specifically enriched there.  The dendritic microtubule protein, MAP2, showed no significant alterations in 
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staining intensity in SLM (reeler mice = 36.6 +/- 2.2 AU, WT mice = 43.6 +/-5.5 AU, p = 0.286), in SR 
(reeler mice = 43.3 +/- 5.7 AU, WT mice = 42.55 +/- 3.4 AU, p = 0.910), or in SP (reeler mice = 46.0 +/- 
6.3 AU, in WT mice = 51.9 +/- 3.3 AU, p = 0.435)(Figure 3.2 I – L).   The SLM:SR ratio of MAP2 staining 
intensity in reeler mice was not significantly different from WT mice (reeler mice = 1.04 +/- 0.13, WT mice 
= 0.866 +/- 0.03, p = 0.258).  
I next measured staining of the voltage-gated potassium channel auxiliary subunit, KCHIP2– a 
protein that has an even distribution throughout SR and lower levels in SLM (Menegola et al 2008).  
KCHIP2 levels were not altered in reeler mice in SLM, SR, or SP (in SLM: reeler mice = 43.8+/- 5.5 AU, 
WT mice = 44.0 +/- 2.7 AU, p = 0.974; in SR: reeler mice = 47.4 +/- 2.3 AU, WT mice = 50.3 +/- 5.6 AU, p 
= 0.719; in SP: reeler mice = 44.6 +/- 1.5 AU, WT mice = 46.5 +/- 1.8 AU, p = 0.502)(Figure 3.2 M - P).  
The KCHIP2 SLM:SR ratio in reeler mice was not significantly different compared to wild-type mice 
(reeler mice = 0.93 +/- 0.04, WT = 0.87 +/- 0.03, p = 0.325). 
 These results suggest that the expression patterns of distally enriched proteins are dramatically 
affected by the loss of reelin.  HCN1 and GIRK1 levels are significantly reduced in the reeler knockout 
mice in SLM, lending further support to the hypothesis that reelin is important for distal channel 
expression and localization.  However, these reeler mice suffer from gross anatomical malformations, 
complicating the interpretation of these results.  For example, although total MAP2 levels are not altered 
in reeler mice, the dendrites of CA1 neurons in these animals are clearly abnormal (Figure 3.2 I and J).  I 
therefore investigated another mouse model in which reelin signaling is altered postnatally and does not 
suffer from the severe morphological defects of the reeler mice. 
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Figure 3.2  Distal dendrite localization of ion channels is perturbed in reeler mice. A. HCN1 staining 
in a reeler mouse hippocampus (top) and wild type mouse hippocampus (bottom) at low magnification 
shows altered HCN1 expression.  Scale bar = 200uM.  B. Higher magnification of reeler (top) and WT 
(bottom) in the CA1 region of the hippocampus.  Distal HCN1 levels are sharply reduced in reeler mice.  
Scale bar = 50uM.  C.  Quantification of HCN1 intensity at SP, SR, and SLM in reeler mice (striped bars) 
and WT mice (black bars).  D.  Ratio of HCN1 intensity of SLM to SR in reeler mice and WT mice.  GIRK1 
intensity is similarly reduced in reeler mice (E, F, G, and H). MAP2 levels are not altered despite the 
disorganization of the hippocampus (I, J, K and L).  KCHIP2 levels are also unaltered in reeler mice (M, 
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3.4 Knockdown of dab1 in the postnatal hippocampus reduces HCN1 levels in 
SLM 
Reelin is absent in reeler mice throughout embryonic development.  The observed effects on ion 
channel expression in SLM in reeler mice could therefore be due to the embryonic role of reelin in 
hippocampal laminar organization, axonal innervation, and dendritic morphology.  Alternatively, the 
effects could be due reelin’s function in the postnatal hippocampus after embryogenesis is complete.  To 
differentiate between reelin’s embryonic function and its potential role in ion channel localization in the 
postnatal hippocampus, I took advantage of a floxed dab1 mouse (dabf/f) recently developed in the lab of 
Ulrich Müller (Franco et al 2011).  This mouse is well suited to the investigation of reelin’s role in ion 
channel localization to SLM in the postnatal hippocampus for two reasons.  First, knockdown of dab1 
should have chiefly cell autonomous effects, as dab1 signally occurs intracellularly following reelin 
binding.  Second, in this mouse the dab1 gene is excised only in the presence of cre recombinase.  The 
dab1 gene can be excised at any time during development or adulthood, allowing us to have temporal 
control of dab1 protein knockdown, and thereby averting effects that result from the embryonic lack of 
reelin signaling. Thus, the conditional dab1 mice are well suited to test if reelin signaling is required for 
the distal enrichment of HCN1 and other ion channels.  
I made unilateral injections into the brains of newborn dab1f/f mice (p0/1) of an adeno-associated 
virus (AAV) that drives expression of cre recombinase fused to green fluorescent protein (GFP) to 
knockdown dab1 postnatally.  Any cells infected with this AAV virus should express Cre-GFP.  This 
should then result in the excision of the dab1 gene and result in a permanent loss of dab1 protein. Three 
weeks post-injection, animals were perfused and immunohistochemistry was performed.  GFP expression 
was observed in the soma of hippocampal and cortical cells in the injected hemisphere (Figure 3.3 A and 
B).  No GFP positive cells were seen in hemispheres contralateral to the injection.   
 I next examined levels of dab1 protein in injected and contralateral hippocampi using 
immunohistochemistry.  Dab1 levels were reduced in injected hemispheres in SP, SR, and SLM only 
when Cre-GFP was observed (Figure 3.3C).  In all mice examined, dab1 staining intensity was reduced in 
GFP expressing (GFP+) hippocampi.  In SLM, dab1 levels were significantly reduced in injected 
hippocampi (injected = 106.9 +/- 12.8 AU, contralateral = 153.3 AU +/- 5.9, n= 11, p = 0.0052).  Dab1 
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levels were also reduced in SR  (injected = 92.3 +/- 8.3 AU, contralateral = 118.2 +/- 5.0 AU, p = 0.0191) 
and in SP (injected = 98.4 AU +/- 9.7, contralateral = 130.9 +/- 5.9 AU, p = 0.013) (Figure 3.4A).  Dab1 
intensity was negatively correlated with GFP intensity; brains with high levels of GFP had the least dab1 
immunoreactivity (R2 = 0.553, Figure 3.4B).   I henceforth refer to dab1f/f hippocampi injected with AAV 
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Figure 3.3 Viral knockdown in neonates greatly reduces Dab1 expression. A. Cartoon of 
experimental design.  Pyramidal cells in the injected hippocampus will be GFP+.  In these GFP+ cells, 
Cre will excise the dab1 gene and dab1 protein will be eliminated.  B. An example brain at 3 weeks post-
injection has a high number of GFP+ cells in the injected hemisphere only.  C.  Dab1 levels are reduced 
in SLM of the injected hippocampus, but not contralaterally. Dab1 levels in the dentate gyrus are not 












Figure 3.4 Quantification of viral dab1 knockdown.  A.  Dab1 intensity  (in AUs) is significantly 
reduced in SLM, SR, and SP in dab1 knockdown hippocampi (striped bars) compared with the 
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Having established that dab1 levels could be effectively reduced with AAV-Cre-GFP virus 
injections into the dab1f/f mice, I next asked if HCN1 expression was altered in these mice.  HCN1 
expression was normal in the hippocampus contralateral to AAV injection.  In hippocampi expressing high 
levels of GFP-Cre, HCN1 levels were drastically reduced (Figure 3.5 B and C).  Mean HCN1 levels were 
dramatically reduced in SLM in injected hippocampi compared to contralateral hippocampi (dab1 
knockdown = 58.7 AU +/- 8.0, contralateral = 126.6 +/- 25.0 AU, p = 0.010)(Figure 3.6 A).  In contrast, 
HCN1 levels were not significantly reduced in SR (dab1 knockdown = 50.28 +/- 7.1 AU, contralateral = 
78.5 +/- 16.7 AU, p = 0.101) or in SP (dab1 knockdown = 51.4 +/- 6.4, contralateral = 67.5 +/- 10.3, p = 
0.194).   
Similarly to Dab1, HCN1 levels were strongly negatively correlated with GFP intensity (R2 = 
0.877)(Figure 3.6B).  I also performed western blots of Cre-GFP+ and un-injected hippocampi.  Figure 
3.6C shows blots from 4 hippocampi with increasing levels of GFP-Cre.  Dab1 levels are highest in lane 
1, where no GFP signal is seen, and lowest in lane 4, where GFP levels are greatest.  HCN1 levels 
likewise decrease with increasing GFP levels and decreasing dab1 levels. This further corroborates the 
link between reelin signaling and HCN1 expression. 
 
 




Figure 3.5 HCN1 levels are reduced in AAV Cre-GFP injected hippocampi. A. An example brain at 3 
weeks post-injection has a high number of GFP+ cells in the injected hemisphere only.  B. Example 
images showing HCN1 staining in injected and contralateral hippocampi. C. Example images of the 
merged images of GFP (in green) and HCN1 (in magenta) in an injected and contralateral hippocampus.  
In the highly infected CA1 region HCN1 levels are dramatically reduced in SLM.  In the subiculum, fewer 








Figure 3.6 Quantification of HCN1 levels after viral mediated dab1 knockdown.  A.  HCN1 intensity  
(in AUs) is significantly reduced in SLM in dab1 knockdown (striped bars) compared with contralateral 
hippocampi (black bars). B. GFP intensity is positively correlated with DAB1 intensity.  R2 = 0.877.  C. 
Ratio of HCN1 intensity in SLM:SR in contralateral and dab1 knockdown hippocampi. D. Western blot of 
four hippocampi expressing increases amounts of Cre-GFP.  Lane 1 shows the western blot of an un-
injected hippocampus.  No GFP i detected (top panel).  Bands of the predicted molecular weights are 
detected by antibodies for dab1 (middle panel) and HCN1 (bottom panel).  In lanes 2,3, and 4 increasing 
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High magnification images show a lack of both dab1 and HCN1 immunoreactivity in SLM (Figure 
3.7).  DAB1 immunoreactivity can still be observed in the dentate gyrus, located beneath SLM (arrows 
point to the hippocampal fissure that separates SLM from the molecular layer of the dentate gyrus). This 
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Figure 3.7 Viral knockdown of dab1 reduces HCN1 in SLM. A. In the injected hippocampus, many 
pyramidal neurons are GFP+ (left panel).  Dab1 and HCN1 levels are significantly reduced in SLM 
(middle and left panes).  Dab1 levels in the dentate gyrus (DG) are not affected.  Arrows point to the 
hippocampal fissure separating SLM from the DG.  B. In the contralateral hippocampus, no GFP+ cells 
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3.5 Physiological measure of HCN1 channels is altered in dab1 knockdown mice 
 Immunohistochemistry measurements show a dramatic reduction of HCN1 protein in SLM without 
affecting levels in SR or SP.  The ratio of SLM:SR HCN1 staining intensity was reduced by dab1 
knockdown, providing further evidence that HCN1 channels were reduced specifically in the distal 
dendrites following dab1 knockdown.  If reelin signaling was required for surface expression of HCN1 
channels, one would predict that HCN1 levels would be reduced throughout the dendrite, not just in SLM, 
in dab1 knockdown animals.  However, if reelin signaling was required for the distal enrichment of HCN1 
channels, one would predict that HCN1 channel levels in SLM would be severely reduced by dab1 
knockdown, but that the proximal dendrites and the soma would not.  Immunohistochemical analysis 
supports the latter role for reelin in distal enrichment of the channel.  However, immunohistochemistry 
measures total protein: both HCN1 channels inserted in the membrane and HCN1 channels in 
intracellular compartments.   To assay changes specifically in the population of HCN1 channels inserted 
in the membrane, I, in collaboration with Marco Russo, made somatic whole cell recordings from dab1 
knockdown and contralateral cells.  
 I prepared acute horizontal slices at 21 to 28 days post-injection from dab1f/f mice with neo-natal 
unilateral injections of Cre-GFP (Figure 3.8).  Whole cell somatic recordings were obtained from CA1 
pyramidal neurons from injected and contralateral hippocampi.  Resting potential (in mV) and input 
resistance (in megaOhms, MΩ) were measured to assay overall health of the cell and general 
physiological properties.  
 Example traces of a Cre-GFP- neuron and a Cre-GFP+ neuron are shown in Figure 3.8 A and B.  
Cre-GFP+ cells and Cre-GFP- cells had no difference in resting potential (Cre-GFP- =  -63.3 +/- 1.2, n = 
34, Cre-GFP+ = -61.8 +/- 2.7, n =11, P = 0.569, Figure 3.8 C) or in input resistance (mean = 112.4 +/- 4.8 
mΩ) and Cre-GFP- cells (mean = 101.9 +/- 6.7 mΩ, p = 0.269) (Figure 3.8 D).  This indicates that dab1 
knockdown did not compromise the health of the pyramidal neurons. 
 I next measured both voltage sag and sag ratio.  Voltage sag is the characteristic response to the 
changes in current mediated by HCN channels.  If the membrane is hyperpolarized, HCN channels open 
and cause a depolarizing voltage sag, while a depolarizing current causes HCN channels to shut, 
resulting in a hyperpolarizing voltage sag.  The ratio of membrane resistance, or sag ratio, (measured as 
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the slope of the current-voltage relationship) during the voltage sag to the membrane resistance of the 
steady-state voltage response was calculated to normalize for variability in intrinsic membrane properties 
across cells.  Intriguingly, in Cre-GFP+ cells, voltage sag was increased compared with Cre-GFP- cells 
(Cre-GFP+ = 9.5 +/- 1.6mV, Cre-GFP- = 5.0 +/- 0.5 mV, p= 0.0008, Figure 3.8 E).  Sag ratio also 
increased significantly in Cre-GFP+ cells compared to Cre-GFP- cells (Cre-GFP+ = 1.28 +/- 0.05, Cre-
GFP- = 1.14 +/- 0.02, p = 0.0073, Figure 3.8 F).  Thus, dab1 knockdown specifically increases voltage 
sag, a measure of HCN current, in the CA1 pyramidal neuron soma, but does not alter general membrane 
properties.   
These experiments provide additional evidence that reelin signaling regulates the distal 
enrichment of HCN1, not surface expression per se.  If reelin signaling was required for general surface 
expression of HCN1 channels, one would predict that dab1 knockdown would lead to a decrease in the 
physiological indicator of the HCN current, voltage sag.  However, I saw an increase in voltage sag 
following dab1 regulation.  Immunohistochemistry experiments show that HCN1 levels are decreased in 
SLM.  These two seemingly contradictory results (an increase in voltage sag and a decrease in HCN1 in 
SLM) can be reconciled if reelin signaling regulates the distal enrichment of HCN1 channels.  I conclude 
that reducing reelin signaling by dab1 knockdown eliminates the distal enrichment of the channel, but 
does not alter surface expression of the channel in other neuronal compartments, including the soma.  
Without the distal enrichment more HCN1 channels would be found in the proximal and somatic 
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 Figure 3.8 Dab1 knockdown alters a physiological measure of HCN1-mediated currents.  A. 
An example trace of a GFP- cell in an injected dab1f/f mouse.  B. An example trace of a GFP+ cell in an 
injected dab1f/f mouse.  Sag is larger in this example trace than in the GFP- example trace.  C. Input 
resistance (in megaOhms) was not altered in GFP + cells (black bars) versus GFP- (white bars).  D. 
Resting potential was no different in GFP+ cells compared with GFP- cells.  E. In GFP+ cells voltage sag 
was increased compared with GFP- cells.  F. Sag ratio (see inset) was also significantly increased in 
GFP+ cells. 
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3.6 Knockdown of dab1 in the postnatal hippocampus reduces SLM enriched 
proteins 
 
 Having established that viral knockdown of dab1 reduces HCN1 levels in SLM, I hypothesized 
that other proteins that are enriched in SLM would be affected by dab1 knockdown.  I first examined the 
inward rectifying potassium channel, GIRK1, which is enriched in SLM in CA1 neurons (Figure 3.9)(Drake 
et al 1997).  GIRK1 immunoreactivity was clearly reduced in dab1 knockdown hippocampi, most 
drastically in SLM (Figure 3.9 A - C).  Mean GIRK1 intensity was significant reduced in dab1 knockdown 
hippocampi in SLM (dab1 knockdown = 87.5 +/- 9.2 AU, contralateral = 135.1 +/- 9.6 AU, n = 7,4 p = 
0.0086), in SR (dab1 knockdown = 78.2 +/- 8.5 AU, contralateral 111.5 =  +/- 8.3 AU, p = 0.03), and in SP 
(dab1 knockdown = 75.4 +/- 7.4 AU, contralateral = 107.8 +/- 10.9 AU, p = 0.0317)(Figure 3.9 C).  There 
was a trend towards a reduction in the SLM:SR ratio of GIRK1 staining in dab1 knockdown mice, 
however, this trend did not reach significance (dab1 knockdown = 1.11 +/- 0.03, contralateral = 1.21 +/- 
0.03, p = 0.057).(Figure 3.9 D). 
I next examined TRIP8b, an auxiliary subunit of HCN1 channels that is also distally enriched in 
CA1 apical dendrites.  TRIP8b was reduced in dab1 knockdown hippocampi compared with contralateral 
hemispheres (Figure 3.10).  TRIP8b levels were significantly reduced in SLM (dab1 knockdown = 84.7 +/- 
3.9 AU, contralateral = 153.1 +/- 11 AU, p = 0.0013) in SR (dab1 knockdown = 71.9 +/- 3.1 AU, 
contralateral = 104.3 +/- 9.3 AU, p = 0.0255) and in SP (dab1 knockdown = 91.1 +/- 4.5 AU, contralateral 
= 140.3 +/- 14.9 AU, p = 0.032)(Figure 3.10 A - C).  The ratio of SLM:SR TRIP8b staining intensity was 
significantly reduced in dab1 knockdown mice (dab1 knockdown = 1.18 +/- 0.05, contralateral = 1.49 +/- 
0.08, p = 0.019)(Figure 3.10 D). 
In summary, all of the distally enriched proteins that I examined were reduced in dab1 knockdown 
hippocampi, most dramatically in SLM.  The ratio of SLM:SR staining intensity was significantly reduced 
for TRIP8b and reduced, but not significantly for GIRK1.  These data show distally enriched protein levels 
are reduced following dab1 knockdown, most drastically in SLM. 
 
 




Figure 3.9 Viral knockdown of dab1 reduces GIRK1 levels.  A. An example brain at 3 weeks post-
injection has a high number of GFP+ cells in the injected hemisphere only (top panel).  GIRK1 levels are 
reduced in SLM of the injected hippocampus, but not contralaterally (bottom panel) Scale bar = 100uM B.  
High magnification images of injected and contralateral hippocampi show a reduction of GIRK1 levels in 
CA1 dendrites, but not in the dentate gyrus (beneath the hippocampal fissure marked by the arrow).  
Scale bar = 50uM C. Quantification of GIRK1 levels in injected and contralateral hippocampi indicates a 
significant reduction in SP, SR, and SLM.  D. Ratio of SLM:SR GIRK1 staining in contralateral and dab1 
knockdown hippocampi. 
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Figure 3.10 Viral knockdown of dab1 reduces TRIP8b.  A. An example brain at 3 weeks post-injection 
has a high number of GFP+ cells in the injected hemisphere only.  TRIP8b levels are reduced in SLM of 
the injected hippocampus, but not contralaterally. Scale bar = 100uM B.  High magnification images of 
injected and contralateral hippocampi show a reduction of TRIP8b levels in CA1 dendrites.  TRIPb8 in the 
dentate gyrus was not affected by dab1 knockdown. Scale bar = 50uM C. Quantification of TRIP8b levels 
in injected and contralateral hippocampi indicates a significant reduction in SP, SR, and SLM. D. Ratio of 
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3.7 Dab1 knockdown does not affect non-distally enriched proteins  
 To determine if dab1 knockdown specifically affects distally enriched proteins, I examined dab1 
knockdown and contralateral hippocampi for proteins that are not distally enriched in CA1 dendrites.  The 
cytoplasmic, dendritically localized protein, MAP2, showed no alteration in expression in injected versus 
contralateral hippocampi (in SLM: dab1 knockdown = 92.6 +/- 13.9 AU, contralateral = 100.8 +/- 7.3, p = 
0.578; in SR: dab1 knockdown = 100.5 +/- 10.9 AU, contralateral = 102.0 +/- 6.4 AU, p = 0.903; in SP: 
dab1 knockdown = 97.2 +/- 12.4, contralateral = 109.5 +/- 5.7 AU, p =0.329)(Figure 3.11 A - C).  
Furthermore, the ratio of SLM:SR MAP2 staining intensity was not significantly different following dab1 
knockdown (dab1 knockdown = 0.92 +/- 0.08, contralateral = 0.98 +/- 0.2, p = 0.389)(Figure 3.11 D).  I 
was unable to measure MAP2 levels by western blot.  Instead, I measured total levels of tubulin, a 
ubiquitously expressed structural protein.  Tubulin levels were unaltered as a function of increasing levels 
of Cre-GFP as measured by western blot (Figure 3.11 E).   
The AMPA receptor subunit, GluR1, which is uniformly distributed along the apical dendrite, was 
also unchanged following dab1 knockdown (in SLM: dab1 knockdown = 144.3 +/- 9.0 AU, contralateral = 
129.2 +/- 13.3 AU, p = 0.347, in SP: dab1 knockdown = 154.6 +/- 9.7 AU, contralateral = 151.1 +/- 17.6 
AU, p = 0.851)(Figure 3.12 A - C).  The ratio of SLM:SR GluR1 staining intensity was not significantly 
different following dab1 knockdown (dab1 knockdown = 0.94 +/- 0.03, contralateral = 0.87 +/- 0.06, p = 
0.330)(Figure 3.12 D).  Levels of total GluR1 protein as measured by western blot were no different in 
dab1 knockdown and contralateral hippocampus (Figure 3.12E).  From these experiments I conclude that 
dab1 knockdown selectively affects ion channels that are enriched in the distal dendrites, but does not 
globally alter protein expression in dendrites. 
  




Figure 3.11 Dab1 knockdown does not affect distribution of MAP2, a non-distally enriched protein. 
A. Example MAP2 staining of dab1 knockdown (left) and contralateral (right) hippocampi at 3 weeks post-
infection. Scale bar = 200uM B.  High magnification images of MAP2 staining in dab1 knockdown and 
contralateral hippocampi. C. Quantification of MAP2 levels in injected and contralateral hippocampi in SP, 
SR, and SLM. D. Ratio of SLM:SR MAP2 staining in contralateral and dab1 knockdown hippocampi. E. 
Western blot of the cytoskeletal protein, tubulin, in hippocampi with increasing amounts of Cre-GFP.  
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Figure 3.12 Dab1 knockdown does not affect distribution of GluR1, a non-distally enriched 
membrane protein. A. Example GluR1 staining of dab1 knockdown (left) and contralateral (right) 
hippocampi at 3 weeks post-infection. Scale bar = 200uM B.  High magnification images of GluR1 
staining in dab1 knockdown and contralateral hippocampi. C. Quantification of GluR1 levels in injected 
and contralateral hippocampi in SP, SR, and SLM. D. Ratio of SLM:SR GluR1 staining in contralateral 
and dab1 knockdown hippocampi. E. Western blot of GluR1 in hippocampi with increasing amounts of 
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3.8 Dendrites in Cre-GFP injected dab1f/f mice are normal. 
To determine if the reduction in distally enriched proteins following dab1 knockdown was due to 
altered dendritic morphology, I measured dendritic branching using Sholl analysis of biocytin-filled 
neurons of GFP+ neurons and GFP- neurons (Figure 3.13 A).  Total dendritic length was not significantly 
different between Cre-GFP+ and Cre-GFP- neurons (Cre-GFP+ = 128.8 +/- 14.6 AU, Cre-GFP- = 110.3 
+/- 22.2 AU, n = 5,7 p = 0.576)(Figure 3.13 B).  In Cre-GFP+ cells, apical dendrite branching was also not 
significantly different than in Cre-GFP- cells (Cre-GFP+ = 438.5 +/- 74.5 intersections (i), Cre-GFP- = 
382.9 +/- 70.0 i, p = 0.622)(Figure 3.13 C).  Finally, the dendritic complexity of the distal dendrites was not 
significantly reduced in dab1 knockdown hippocampi compared with contralateral hippocampi (Cre-GFP+ 
= 19.0 +/- 4.9 i, Cre-GFP- = 15.2 +/- 1.2 i, p = 0.307).   From this we conclude that the reduction in HCN1 
and other channel proteins in distal dendrites of CA1 neurons is likely due to specific effects of reelin 
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Figure 3.13 Dendrite morphology is not significantly altered in dab1 knockdown mice.  A. Example 
traces of the apical dendrites from a Cre-GFP+ and a Cre-GFP- CA1 neuron. B. Total dendritic length 
was measured in a Cre-GFP+ and a Cre-GFP- neurons. C. Sholl analysis shows no significant changes 
in dendrite branching or length when the apical dendritic tree was analyzed in dab1 knockdown 
hippocampi (striped bars) compared with contralateral hippocampi (black bars).  D. Sholl analysis was 
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To determine whether the reduction in dendritic HCN1 was caused by the knockdown of dab1 or 
whether it was caused by some non-specific effect of viral overexpression, I injected dab1f/f mice with 
adeno-associated virus driving the expression of the fluorescent protein, mCherry (Figure 3.14 A and B).  
HCN1 levels were normal in hippocampi overexpressing mCherry compared with wild-type hippocampi 
HCN1 intensity levels in CA1.  From these experiments, I conclude that the reduction in HCN1 seen in 
Cre-GFP injected hippocampi in dab1f/f mice is due to the specific effects of dab1 knockdown and not due 
















Figure 3.14 Overexpression of mCherry does not alter HCN1 expression.  A. A hippocampus 
overexpressing mCherry following viral injection shows high levels of mCherry in the soma and 
throughout the dendrites in CA1 (left panel).  HCN1 levels are not altered in mice overexpressing 
mCherry (right panel).  B.  Example traces of HCN1 intensity (in AUs) in a hippocampus overexpressing 
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3.9 Discussion 
 My results suggest a novel role for reelin in regulating the composition of the distal dendrites in 
CA1 neurons.  Here, I show that viral knockdown of dab1, the intracellular signaling molecule of reelin, 
reduces levels of SLM enriched proteins without affecting the immunoreactivity of proteins that have 
uniform distributions throughout the dendrites. (i.e. proteins found in SLM, but that are not specifically 
enriched there).  Blocking reelin signaling in organotypic cultures also reduced HCN1 levels, most 
strikingly in SLM where the channels are normally enriched.  I therefore propose that reelin is critical in 
the enrichment of distally enriched ion channels.  Reelin is known to contribute to synaptic plasticity and 
long term potentiation in the adult hippocampus, in part by phosphorylation and subsequent membrane 
insertion (and gating) of NMDA receptors (Chen et al 2005, Weeber et al 2002).  Reelin has also been 
implicated in regulating the developmental switch in NMDA receptor subunits from NR2B to NR2A 
(Sinagra et al 2005).  However, a role for reelin in regulating ion channel dendritic targeting has not yet 
been reported to the best of my knowledge.  
  The results from these experiments show that dab1 knockdown significantly decreases 
immunoreactivity not just in SLM, but also in SR and SP for GIRK1 and TRIP8b.  HCN1 levels in SR and 
SP follow this trend, but are not significantly altered there, perhaps because levels are already low in 
these regions in wild-type animals.  Western blots of injected hippocampi show a decrease in overall 
HCN1 levels, consistent with a loss of protein rather than a simple redistribution of distally localized 
proteins.  I propose a model where reelin signaling locally stabilizes HCN1 and other distally enriched 
proteins specifically in the membrane of SLM.  When reelin signaling is disrupted, distally enriched 
proteins are no longer selectively inserted/retained in SLM, and instead are redistributed along the 
dendrites.  They then undergo endocytosis and are degraded at higher than normal rates, decreasing 
overall protein levels.  This model explains the electrophysiology results from injected animals that have 
an increase in voltage sag after viral dab1 knockdown when recoding at the soma.  Would one expect to 
see an increase in sag if HCN1 channels were redistributed and total HCN1 protein was reduced?  A 
simplified neuron modeling experiment demonstrated that reducing HCN1 levels by 50% does indeed 
lead to an increase in sag at the soma if the channel was redistributed evenly throughout the dendrite 
(data obtained by Dr. Pablo Ariel, not shown).   
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One way to test this hypothesis would be to perform dendritic recordings from GFP+ and GFP- 
cells in injected dab1 knockdown animals.  In these experiments, one would predict to see a loss of sag in 
the distal dendrites of GFP+ cells, as well as an increase in sag at the soma.  This result would be similar 
to results reported by Shin et al., 2008.  These authors investigated changes in HCN1 levels after status 
epilepticus and found that sag was significantly decreased only in the dendrites, while there was a trend 
towards more sag at the soma (although it did not reach significance).   They saw a similar result (a 
decrease in the dendrites and an increase at the soma) when examining resonance frequency, another 
proxy for HCN channels.  Another possible method of addressing this question of redistribution would be 
to perform immuno electron microscopy (EM) using immunogold to examine intracellular and membrane-
localized HCN1 channels in injected and contralateral dab1 knockdown mice.  One would predict a loss of 
total protein and an increase in surface HCN1 at the proximal dendrites and soma in dab1 knockdown 
animals.  Given the technical difficulties of both dendritic recordings and immuno EM, both these 
experiments are of interest as future pursuits.   
The comparison of my results on the loss of HCN1 following dab1 knockdown with results on 
dendritic loss of HCN1 following status epilepticus raises another possible explanation for the alterations 
in HCN1 expression seen here.  Work from the epilepsy field, including the above-mentioned study, has 
demonstrated that HCN1 is downregulated following status epilepticus (Huang et al 2009, Jung et al 
2011, Powell et al 2008, Richichi et al 2008).  Reelin and epilepsy have also been linked in the literature; 
however, seizure is not a widely reported phenotype of the reeler mouse.   Most work linking reelin and 
epilepsy shows that reelin levels are downregulated following seizure-like activity (Gong et al 2007, Haas 
& Frotscher 2010, Heinrich et al 2006, Tinnes et al 2011) and there are some reports that reeler mice are 
more susceptible to induction of seizures, although the presence of spontaneous seizures was not 
addressed (Kopjas et al 2006, Patrylo et al 2006).  This raises the possibility that the effects on distally 
enriched ion channels I observe following dab1 knockdown do not represent a direct effect of reelin 
signaling on channel localization per se, but rather are a secondary effect as the result of seizures evoked 
by dab1 knockdown or loss of reelin.  However, several lines of evidence suggest that this explanation of 
my results is unlikely.  Following status epilepticus induction, KCHIP2 levels are reduced in SR in CA1 
and in the dentate gyrus whereas no changes in KCHIP2 levels following viral dab1 knockdown 
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hippocampi were observed (Monaghan et al 2008).  In addition, no obvious seizure-like behavior was 
recorded in injected dab1 knockdown mice.  Furthermore, seizure activity in one normally spreads to the 
contralateral hippocampus through the strong callosal connections, yet changes in HCN1 were specific to 
the ipsilateral hippocampus in the virally infected hemisphere.  Finally, preliminary electrophysiological 
recordings from have shown no evidence of seizure-like activity in RAP treated organotypic cultures, 
arguing that the observed changes in HCN1 expression following reelin signaling blockade are not due to 
seizure activity. 
However, further experiments to directly rule out the presence of seizures triggered by reelin 
signaling blockade in vivo would be helpful.  First, some proteins, such as brain derived neurotrophic 
factor (BDNF) and Δfosb are upregulated after seizure activity (Yokoi et al 2007, Yutsudo et al 2013).  
Tissue from injected, contralateral, and un-injected hippocampi could be examined for markers of seizure 
activity.  Alternatively, video recordings of injected and un-injected mice would reveal whether dab1 
knockdown mice suffer from seizures.  Finally, if these experiments suggest that the dab1 knockdown 
mice might in fact be suffering from seizures, implantation of chronic EEG recordings would definitively 
determine if dab1 knockdown mice suffer from seizures.  
In injected hippocampi the pyramidal cell body layer is less compact than in the contralateral 
hemisphere.  This is likely a direct effect of dab1 knockdown.  Several studies have linked reelin to 
granule cell dispersion (Muller et al 2009) (Crino 2001, Marucci et al 2012) (Frotscher, Chai et al. 2009).   
Granule cell dispersion is observed even when down-regulation of reelin occurs during adulthood, 
suggesting that reelin may be required throughout an animal’s lifespan for the proper maintenance of 
hippocampal morphology (Haas & Frotscher 2010).  Given the results from studies on granule cell 
dispersion in adult animals, the observed pyraminal cell dispersion will likely occur regardless of the age 
of onset of dab1 down-regulation.  The observed pyramidal cell dispersion observed in the dab1 
knockdown mice indicates that reelin may be required throughout the life on an animal for the 
maintenance of proper neuronal morphology.   
The studies in this chapter have established that reelin and dab1 are required for the localization 
of distally enriched proteins.  I next tested the importance of the Src family kinases in dendritic localization 
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and distally enrichment of HCN1 ion channels, as these kinases are critical in the reelin signaling pathway 
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Chapter 4 
Src family kinases are required for distal dendritic channel 
enrichment 
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4.1 Introduction 
 Reelin binding to its receptors activates Dab1 via Src family kinase (SFK) mediated 
phosphorylation.  SFKs activated by reelin signaling in turn can phosphorylate other proteins, including 
those important in synaptic plasticity, such as NMDA receptors (Groc et al 2007, Qiu et al 2006b, Ventruti 
et al 2011).  A recent study demonstrated that reelin signaling is important in Golgi deployment and 
neuronal polarization, and that reelin and a serine-threonine kinase, STK25, act in opposition to each 
other to regulate the formation of axons and the deployment of the Golgi into the apical dendrite (Matsuki 
et al 2010).  This landmark study was the first to implicate reelin signaling in neuronal polarization. 
 SFK regulation of surface expression has been reported for a handful of proteins.  The surface 
expression of the Na+/Ca++ exchanger, NCKX2, is regulated by SFK-mediated endocytosis (Lee et al 
2013).  The surface expression of inwardly rectifying potassium GIRK channels is regulated by SFKs 
(Chung et al 2009, Mora & Escobar 2005).  Clustering of the potassium channel Kv2.1 in the 
somatodendritic domain is dependent on tyrosine phosphorylation by SFKs (Misonou et al 2006, Song et 
al 2012).    
 A long history links HCN1 channels to the SFKs.  The HCN1 channel was cloned using a yeast 
two-hybrid screen that probed for proteins that interact with a domain of Src, the eponymous SFK 
(Santoro et al 1997).  Studies on other HCN channel isoforms, in particular HCN4, show that SFK-
mediated phosphorylation increases surface expression in heterologous culture systems via 
phosphorylation of a tyrosine that is conserved across all HCN channel isoforms (Lin et al 2009).  To my 
knowledge, no one has directly investigated whether the SFKs regulate HCN1 channels.  
In the previous chapter, I have demonstrated a role for reelin and Dab1 in the distal dendritic 
enrichment of ion channels, including HCN1.  As reelin signaling activates SFKs, I hypothesized that SFK 
signaling is important in the targeting of ion channels to the distal dendrites, and that inhibition of SFK 









4.2 Kinase active SFK levels are high at early postnatal time-points. 
 I first determined if SFKs were present in the early postnatal time-points when HCN1 expression 
and trafficking begin.  SFK levels were compared with HCN1 levels and with key regulatory elements of 
the reelin pathway by western blotting of hippocampi from rats at developmental time-points beginning at 
the day of birth (P0) through several postnatal time-points (P3, P7, P10, and P14) up through adulthood 
(Figure 4.1).  In agreement with previous immunohistochemistry results (Figure 2.1), HCN1 levels were 
first detected at P7 (Figure 4.1 A).  HCN1 levels increased at P10 and P14, and reached their peak levels 
at adulthood.  Two bands are detected in the HCN1 western blot:  a lower molecular weight band that 
represents the immature, unglycosylated channel and a higher molecular weight band represents the 
mature, glycosylated form of the channel.  The time-course of TRIP8b expression was similar to that of 
HCN1 (Figure 4.1 B).  TRIP8b levels were first detected at P7 and increased throughout development.  
Multiple bands representing the spliceforms of TRIP8b were detected in later developmental time-points.   
 Consistent with published results reelin levels were high at birth (Figure 4.1 C) (D'Arcangelo et al 
1995).  Reelin has two cleavage sites that allow for five possible fragments to be generated; therefore 
multiple bands representing the lower molecular weight fragments were detected.  Western blotting 
conditions were optimized for lower molecular weight proteins; therefore the very large full-length reelin 
(~450 kDa) was not detectable in these experiments.  
 Next, I asked whether SFKs were detectable during postnatal development.  SFKs have two main 
conformations– an inactive, closed conformation and an active, open conformation (Thomas & Brugge 
1997).  In the inactive conformation, tyrosine phosphorylation in the SH2 domain promotes interaction 
with the SH3 domain, keeping the kinase domain in an inactive state.  Dephosphorylation of that site and 
phosphorylation of a different tyrosine in the kinase domain cause a conformation change to an open, 
kinase active state. To investigate SFK’s role in ion channel targeting, two antibodies were used: one that 
specifically recognizes only the kinase active conformation of SFKs and one that recognizes total SFK– 
both kinase active and inactive conformations.   
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Total SFK in the hippocampus appeared constant across all time-points observed (Figure 4.1 E).  
However, kinase active SFK levels did change during development: active SFK levels were highest at 
early postnatal time-points (P0 and P3), and decreased steadily at later postnatal time-points (Figure 4.1 
D).  Active SFK levels were lower in the adult, but still detectable upon longer exposure of the film (data 
not shown).  
 In summary, these data show that the active conformation of SFK is highly abundant in the first 
two postnatal weeks.  During this time period, HCN1 expression and trafficking begin, along with the 
expression of its auxiliary subunit TRIP8b.  Reelin levels are also high during this time, and, like active 
SFK, decrease after the first two postnatal weeks.  




Figure 4.1 Developmental time-course of HCN1 and components of the reelin signaling pathway.  
A. Western blot of HCN1 from rat hippocampi at P0, P3, P7, P10, P14, and adult animals.  The lower 
molecular weight band is unglycosylated HCN1.  The higher molecular weight band is the mature, 
glycosylated HCN1 channel.  B.  Western blot of the auxiliary subunit of HCN1, TRIP8b.  C. Western blot 
of reelin.  Reelin is cleaved at two possible sites, generating multiple bands of different molecular weights.  
Full-length reelin is ~400kDa.  D.  Western blot of the kinase-active form of SFK.  E. Western blot of SFK 
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4.3 Inhibition of SFKs reduces HCN1 levels  
 I hypothesized that SFKs were important in the distal enrichment of ion channels.  To investigate 
the role of SFKs in targeting of ion channels to distal dendrites, I incubated organotypic hippocampal slice 
cultures in the SFK inhibitor PP2, or the control inert analog, PP3 from DIV8 to DIV10. 
 MAP2 levels did not differ in PP2 treated and PP3 treated cultures at any region examined 
(Figure 4.2 B):  in the distal dendritic region (PP2 = 88.7 +/- 5.3 AU, PP3 = 77.8 +/- 5.3 AU, n = 22, 20, p 
> 0.5), in the proximal dendritic region (PP2 = 109.2 +/- 5.1 AU, PP3 = 104.7 +/- 7.3 AU, p > 0.5), or 
somatic region (PP2 = 88.2 +/- 6.9 AU, PP3 = 87.5 +/- 4.9 AU, p >0.5)(Figure 4.2 D).   
 In contrast, HCN1 levels were significantly reduced in PP2 treated cultures in the distal dendritic 
region (PP2 = 77.6 +/- 11.3 AU, PP3 = 117.6 +/- 11.4 AU, n = 22, 20, p = 0.0233).  HCN1 levels were 
also reduced in the proximal dendritic region (PP2 = 72.2 +/- 9.6 AU, PP3 = 116 +/- 7.9 AU, p = 0.003) 
and in the somatic region (PP2 = 58.7 +/- 7.2 AU, PP3 = 91.0 +/- 7.3 AU, p = 0.0059).  The ratio of HCN1 
intensity in the distal region to the proximal region was not significantly different in PP2 and PP3 treated 
cultures (PP2 = 1.076 +/- 0.06, PP3 = 1.02 +/- 0.07, p = 0.561).  These data suggest that inhibition of 
SFKs in organotypic cultures leads to loss of HCN1 channels throughout the dendrite, but does not alter 
gross dendritic morphology.  The loss of channel is most severe in the distal dendritic region.  However, 
HCN1 levels also were significantly reduced in the proximal dendrites and the somatic region, suggesting 
that global levels of HCN1 are reduced by SFK inhibition.




Figure 4.2 SFK inhibition reduces HCN1.  A.  HCN1 immunohistochemistry of example cultures treated 
with the SFK inhibitor, PP2 (top), or the inert analog PP3 (bottom). B. MAP2 staining of PP2-treated (top) 
or PP3-treated (bottom) cultures.  Scale bar = 100uM C.  Quantification of HCN1 signal intensity (in AU) 
in the somatic (S), proximal (P), and distal (D) dendritic regions of PP2-treated (black bars) and PP3-
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I next determined whether SFK inhibition leads to the permanent loss of HCN1 channels.  To test 
this, I added either PP2 or PP3 to the media from DIV8 to DIV10.  At DIV10, I replaced the treated media 
with fresh, drug-free media.   Cultures were incubated for 48 hours in drug-free media and then fixed and 
prepared for immunohistochemistry.  After 48 hours of recovery, HCN1 levels were no different in PP2 
treated cultures than in PP3 treated cultures (Figure 4.3).  HCN1 levels were similar after recover in PP2-
treated and PP3-treated cultures in distal dendritic (post-PP2 = 186.2 +/- 47.2 AU, post-PP3 = 190.6 +/-
37.8 AU, n = 3,3, p > 0.5), in proximal dendritic (post-PP2 = 159.6 +/- 41.0 AU, post-PP3 = 130.2 +/- 42.9 
AU), and in somatic regions (post-PP2 = 104.6 +/- 34.3 AU, post-PP3 = 97.0 +/- 30.6 AU, p > 0.5)(Figure 
4.3 C).    
MAP2 levels were also similar in distal (post-PP2 = 87.8 +/- 8.3AU, post-PP3 = 66.93 +/- 21.3 
AU, p > 0.4), proximal (post-PP2 = 99.0 +/- 13.5 AU, post-PP3 = 67.3 +/- 27.3 AU, p > 0.3), and somatic 
regions (post-PP2 = 91.5 +/- 7.1 AU, post-PP3 = 67.9 +/- 21.7, p > 0.3).  These data suggest that the 
distal dendritic enrichment of HCN1 can recover after SFK inhibition and that SFK activity is continually 
required for the maintenance of HCN1 channels in distal dendrites.





Figure 4.3 The HCN1 gradient recovers after SFK inhibitor washout.  HCN1 immunohistochemistry of 
example cultures at DIV12 allowed to recover for 48 hours after treatment with the SFK inhibitor, PP2 
(top), or the inert analog PP3 (bottom) from DIV8 to DIV10. B. MAP2 staining of cultures fixed 48 hours 
after PP2 treatment (top) or PP3 treatment (bottom) cultures.  Scale bar = 100uM C.  Quantification of 
HCN1 signal intensity (in AU) in the somatic (S), proximal (P), and distal (D) dendritic regions of cultures 
48 hours after PP2 treatment (black bars) and PP3 treatment (white bars) cultures.  D.  Quantification of 
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4.4 Physiological measures of HCN1 are reduced after SFK inhibition 
 I next asked if SFK inhibition alters a physiological indicator of HCN channels, voltage sag.  In 
chapter 3, I reported an increase in voltage sag following viral knockdown of Dab1, possibly due to 
redistribution of the channel along the entire dendrite following a disruption of the distal enrichment of the 
channel.  Therefore I hypothesized that inhibition of SFK would also lead to a change in voltage sag. 
 I made whole-cell somatic recordings of organotypic slice cultures treated with PP2 or PP3 from 
DIV8 to DIV10 (Figure 4.4).  Both PP2 and PP3 treated cultures fired action potentials in response to 
depolarizing current injection (Figure 4.4 A and B).  Mean resting potential did not differ between PP2 and 
PP3 treated cultures, indicating that the overall health of the cultures was not affected by SFK inhibition 
(PP2 = -65.58 +/- 3.61 mV, PP3 = -60.62 +/- 1.41 mV, n = 6,15, p > 0.1)(Figure 4.4 C).  
 Input resistance was next measured, as some HCN1 channels are open at typical resting 
potentials and contribute to the input resistance.   In accordance with this, HCN1 knockout mice have 
increased input resistance compared with their littermates (Nolan et al 2004).  Input resistance was 
significantly increased in PP2 treated cultures compared with controls (PP2 = 124.47 +/- 3.61 MΩ, PP3 = 
84.85 +/- 1.41 MΩ, p = 0.025)(Figure 4.4 D).   
 PP2 treated cultures showed a significant reduction in voltage sag compared with PP3 treated 
cultures (PP2 = 1.18 +/- 0.64 mV, PP3 = 3.08 +/- 0.58, p = 0.05)(Figure 4.4 E).  I also measured sag 
ratio– the ratio of voltage sag to the steady-state voltage during a hyperpolarizing current injection.  PP2 
treated cultures also had reduced sag ratio compared with PP3 treated cultures (PP2 = 1.05 +/-0.03, PP3 
= 1.22 +/-0.05, p = 0.05).   These data and my results from immunohistochemical analysis of SFK 
inhibition in organotypic cultures indicate that HCN1 channels are significantly reduced following SFK 
inhibition. 
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Figure 4.4 A physiological indicator of HCN1 is reduced after SFK inhibition.  Example trace of a 
PP3-treated control culture (A) and a PP2-treated culture (B).  Scale bar = 20mV/200ms  C. Resting 
membrane potential of PP2 treated (white bar) and PP3 treated (black bar) cultures in mV.   D. Input 
resistance of PP2 and PP3 treated cultures in megaohms (mΩ).  E.  Voltage sag in PP2 and PP3 treated 
cultures in mV.  F.  Sag ratio (inset) of PP2 and PP3 treated cultures. 
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4.5 Total SFK levels are not altered following viral knockdown of Dab1 
 Having established that inhibition of SFKs reduces HCN1 channel levels in organotypic cultures, I 
investigated whether SFK activity was altered following viral knock of Dab1 in the Dab1f/f mice.  
 I compared total SFK levels in Dab1 knockdown hippocampus with contralateral hippocampi 
(Figure 4.5).  To the best of my knowledge, there are no reports of the distribution of SFKS in the 
hippocampus.  Unfortunately, no knockout mice are available to test the specificity of the antibody, as 
double knockout mice for Fyn and Src die before birth.  However, I was able to independently verify my 
results by using a multiple antibodies against SFK (data not shown).   
In wild-type mice, total SFK signal was high in stratum radiatum and stratum oriens in CA1, but 
was relatively low in stratum lacunosum moleculare.  No SFK signal was observed in stratum pyramidale 
(Figure 4.5 B and C).   
SFK staining did not differ in Cre-GFP injected Dab1f/f hippocampi compared with contralateral 
hippocampi (Figure 4.5D).  Total SFK intensity was similar in Dab1 knockdown hippocampi compared 
with control hippocampi in SP (Dab1 knockdown = 146.5 +/-13.0 AU, contralateral = 134.1 +/- 18.4 AU, n 
= 5,4, p > 0.5), in SR (Dab1 knockdown = 181.9 +/- 19.8 AU, contralateral = 186.9 +/- 22.0 AU, p = > 0.5), 
and in SLM (Dab1 knockdown = 136.4 +/- 27.4 AU, contralateral = 176.9 +/- 26.4 AU, p > 0.5).   Total 
SFK levels measured by western blot in hippocampi with varying levels of Cre-GFP expression did also 
not differ (Family 4.5E). 




Figure 4.5 Total SFK levels are not altered by dab1 knockdown.  A. An example brain at 3 weeks 
post-injection has a high number of GFP+ cells in the injected hemisphere only.  B. Total SFK levels are 
no different in the injected hippocampus compared with the contralateral hippocampus. Scale bar = 
100uM C.  High magnification images of injected and contralateral hippocampi show no changes in total 
SFK levels.  Scale bar = 50uM D. Quantification of total SFK levels in injected and contralateral 
hippocampi indicates a no change is total SFK.  E. Western blots of hippocampi with increasing amounts 
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4.6 Kinase active SFK levels are reduced in SLM following viral knockdown of 
dab1 
 The localization of the kinase active conformation of SFKs was next investigated.  Kinase active 
SFK staining was identical in wild-type mice and in the contralateral hippocampi of injected Dab1f/f mice.  
In figure 4.6, an example of a hippocampus stained for kinase active SFK is shown.  Kinase active SFK 
was highly enriched in SLM in CA1.  Negligible levels of kinase active SFK were detected in SP.  In SR 
and SO, kinase active SFK levels were detectable, but at lower levels than in SLM.  In CA2, levels were 
lower in SLM than in SLM of CA1, and signal was detectable throughout the dendrites.  
 I next compared kinase active SFK in Dab1 knockdown and contralateral hippocampi (Figure 4.6 
B and C).  Kinase active SFK levels were similar in injected and contralateral hippocampi in SP (Dab1 
knockdown = 90.1 +/- 5.6 AU, contralateral = 105.2 +/- 9.2 AU, n = 9,7, p > 0.1) and in SR (Dab1 
knockdown = 88.3 +/- 6.9 AU, contralateral = 102.1 +/- 7.0 AU, p > 0.1)(Figure 4.6 D).  However, in SLM 
there was a significant reduction in kinase active SFK levels in Dab1 knockdown hippocampi (Dab1 
knockdown = 118.7 +/- 10.1 AU, contralateral = 159.6 +/- 12.1 AU, p = 0.020). 
 Kinase active SFK levels decreased in hippocampi with increasing amounts of Cre-GFP (Figure 
4.5E) when measured by western blotting. The kinase active SFK antibody recognized a band of the 
predicted size for SFKs (~60 kDa) and an additional band of approximately 100 kDa.  An SFK-related 
tyrosine kinase of 100 kDa has been identified in rat liver, but it has not previously been reported in brain 
tissue (Masaki et al 2000).  Levels of the active conformations of kinases at both molecular weight bands 
are reduced by Dab1 knockdown and by PP2 treatment in organotypic cultures (data not shown). 




Figure 4.6 Kinase active SFK levels are reduced after dab1 knockdown.  A. Representative images 
of a brain 3 weeks post-injection that has a high number of GFP+ cells in the injected hemisphere only.  
B. Total SFK levels are reduced in the injected hippocampus compared with the contralateral 
hippocampus. Scale bar = 100uM C.  High magnification images of injected and contralateral hippocampi 
show a dramatic reduction in kinase active SFK levels in CA1 dendrites.  Scale bar = 50uM D. 
Quantification of active SFK levels in injected and contralateral hippocampi.  E.  Western blots of 
hippocampi show decreasing amounts of active SFKs with increasing amounts of Cre-GFP. 
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4.7 Discussion: A model for SFK regulation of distal dendrite composition 
 In summary, these data show that the kinase active conformation of SFK is enriched in SLM, that 
Dab1 knockdown eliminates this distal enrichment of kinase active SFKs, and that blockade of SFKs 
reduces HCN1 levels. These results have led us to propose the following model.  Reelin binding to its 
receptors causes local activation of SFKs.  Ion channels marked for distal enrichment are either 
phosphorylated directly or interact with another protein that is phosphorylated by SFKs (Figure 4.7).  
Blocking reelin signaling (with RAP in organotypic cultures, for example) or Dab1 signaling (e.g. by viral 
knockout) eliminates the local enrichment of kinase active SFK.  SFKs in their active conformation are still 
present in CA1 neurons; however, they are no longer distally enriched and overall levels of the active 
conformation are low.  Ion channels that are normally distally enriched are redistributed throughout the 
dendrite and fewer channels are stabilized in the membrane, leading to a reduction of overall levels of 
these channels (Figure 4.7 B).  Pharmacological inhibition of SFKs results in both a loss of total protein 
and of surface expression of distally enriched ion channels (Figure 4.7 C). 
 What evidence do I have to support this model?  Blockade of reelin with RAP in organotypic 
cultures leads to a decrease in HCN1 signal intensity: most prominently in the distal dendrites, but also in 
more proximal dendrites.  Reeler mice have a dramatic loss of HCN1 in SLM, although they have other 
dendritic abnormalities that complicate the interpretation of these results.  Injection of an AAV virus that 
drives expression of a Cre-GFP fusion protein into the brains of newborn Dab1f/f mice caused a reduction 
in ion channels that are normally enriched in SLM, including HCN1 and GIRK1.  Other proteins, such as 
GluR1, that are distributed throughout the dendrite are unaffected by Dab1 knockdown.  These results 
point to a selective loss of distally enriched ion channels.  Does this loss of distal channel expression 
result from a global decrease in channel expression or does it result from a loss of targeting to the distal 
dendritic region? Electrophysiological recordings from Dab1 knockdown hippocampi suggest an answer.  
Somatic recordings showed that Cre-GFP+ cells had increased voltage sag compared with Cre-GFP- 
cells, even though total HCN1 levels was reduced (as measured both my western blot and 
immunohistochemistry).  The most likely explanation for this is that following Dab1 knockdown, HCN1 
channels are no longer stabilized in the distal dendrites and are redistributed throughout the apical 
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dendrites.  Under these conditions, channels are internalized and degraded at higher than usual rates, 
leading to reduction in total levels and a simultaneous increase in voltage sag at the soma.   
To test whether this model of loss and redistribution of HCN1 could explain my results, a simple ball and 
stick neuron model was used.  As expected, voltage sag recorded at the soma in response to the 
injection of hyperpolarizing current increased following the redistribution of HCN1 channels from SLM to a 
uniform dendritic distribution.  This increase in voltage sag was produced even when total HCN1 levels 
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Figure 4.7 Proposed model of reelin signaling in ion channel localization in distal dendrites A. In 
CA1, reelin and dab1 are localized to the distal dendrites.  Src is activated locally in the distal dendrites 
and is required for HCN1 localization in the membrane.  B.  Reduction of dab1 eliminates the distal 
enrichment of active SFKs, leading to redistribution of ion channels including HCN1. Low Src activity is 
maintained by other pathways, keeping some HCN1 channels in the membrane throughout the dendrite. 
C.  Inhibition of SFKs leads to a reduction in both Ih and HCN1 protein levels. 




 What evidence would lend credence to this model?  Two possible experiments come to mind.  
First, immuno electron microscopy (EM) would show the subcellular localization of HCN1 channels along 
the dendrite.  HCN1 channels in the membrane could be distinguished from channels in intracellular 
compartments.  One would predict that there would be both a decrease in the total number of HCN1 
channels identified by immuno EM and an increase in HCN1 channels at the proximal dendrites and 
soma.  An alternative experiment is to perform dendritic recordings in Cre-GFP+ and Cre-GFP- cells in 
Dab1f/f mice; one would predict a decrease in voltage sag at distal dendrites and an increase in voltage 
sag at more proximal dendrites.   
 Results from experiments in organotypic cultures suggest that SFK activity is required for 
stabilization of HCN1 channels in the plasma membrane.  Pharmacological blockade of SFKs lead to a 
reduction in HCN1 channels when measured by both immunohistochemistry and by whole-cell somatic 
recordings.  The effects of SFKs on HCN1 and other channels could be direct or indirect.  SFKs could 
phosphorylate the channel itself, thereby causing either an increase in membrane insertion or a decrease 
in endocytosis of the channel.  There is evidence that direct phosphorylation of ion channels can increase 
somatodendritic membrane clustering of Kv2.1 channels in an activity-dependent manner (Misonou et al 
2004).  However, I have no evidence at this time to support direct phosphorylation of the channel by 
SFKs or other kinases.  It is equally likely that SFKs phosphorylate another protein involved in trafficking, 
such as a rab protein or a kinesin, rather than directly phosphorylating distally enriched ion channels.  It 
will be of great interest to the HCN1 field to further investigate the role of phosphorylation on HCN1 
channel localization.   
 I suggest a more general role for SFKs in the regulation of ion channel composition of dendritic 
compartments.  Other kinases are known to be important in regulation of neuronal polarity.  For example, 
serine/threonine SAD kinases and their homologues are required for proper polarization of axons and 
dendrites in c elegans and in mammals (Barnes et al 2007, Crump et al 2001, Kishi et al 2005, Shelly & 
Poo 2011).   Results from neonate Cre-GFP injections in Dab1f/f mice show that the distally enrichment of 
the ion channels HCN1 and GIRK1 is lost following viral Dab1 knockdown, and this is correlated with a 
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reduction in the kinase active conformation of SFKs.  Pharmacological blockade of SFKs in organotypic 
cultures also dramatically reduced HCN1 levels.  Unfortunately, I was unable to measure GIRK1 levels in 
organotypic cultures because I could not reliably detect GIRK1 with the antibodies available.   This may 
be because GIRK1 levels were not yet high enough to be detected by the antibody, although the 
developmental time-course of GIRK1 expression is reported to be similar to that of HCN1 (Fernandez-
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5.1 Regulation of ion channel composition in the dendrite 
 I have established a regulatory relationship between reelin signaling through Src family kinases 
and the targeting of channels to the distal dendritic compartment of CA1 neurons.  The data presented 
here demonstrate that reelin and its signaling partners are necessary for proper distal enrichment of both 
HCN1 and GIRK1 channels.  These ion channels, along with perforant path inputs from the entorhinal 
cortex, comprise a functional compartment within the apical dendrite in stratum lacunosum moleculare.  
Dendritic compartments allow the dendrite to perform complex information processing on synaptic signals 
arriving along the dendrite– turning up or down the gain on post-synaptic potentials depending on when 
and where on the dendrite they arrive.  Dendritic compartmentalization allows for subtle forms of plasticity 
such as input-timing dependent plasticity (ITDP)(Dudman et al 2007).  In ITDP, precisely timed synaptic 
events arriving first at the distal dendritic compartment and then at the proximal dendritic compartment 
induce a form of synaptic plasticity that allows CA1 neurons to perform coincidence detection of 
information arriving from the entorhinal cortex, although it is not yet known what role ITDP plays in vivo. 
The ability of a neuron to control the ion channel composition within a dendrite compartment 
expands its computational power.  In the case of the CA1 hippocampal neuron, where inputs from the 
cortex and inputs from within the hippocampus are segregated onto different regions of the dendrite, the 
advantage of this sub-compartmentalization of the dendrite is easy to imagine, even while a complete 
understanding of synaptic information processing remains elusive.   It is clear that there is a convergence 
of regulatory mechanisms on distally enriched channels like HCN1 and GIRK1.  HCN1 is subject to 
regulation by a variety of molecules and mechanisms.  An incomplete list of molecules linked to regulation 
of HCN1 expression and trafficking includes vitronectin, filamin A, neuron-restrictive silencer factor, and 
the auxiliary HCN subunit TRIP8b (Gravante et al 2004, McClelland et al 2011, Piskorowski et al 2011, 
Santoro et al 2011, Vasilyev & Barish 2004).  Regulation of voltage gating of the channel, a topic barely 
touched upon in this thesis, is also a complicated affair, involving another list of molecules including 
cAMP, PIP2, and again TRIP8b (Pian et al 2007, Pian et al 2006, Santoro et al 2011, Zhou & Siegelbaum 
2007).  GIRK1 channels are likewise subject to complex regulation (Lujan et al 2009).  The convergence 
of regulatory mechanisms gives the neuron the ability to turn up or turn down excitability on fast (e.g. 
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changes in gating) and slow (e.g. changes in gene expression) timescales in specific dendritic 
compartments by changing the gating state, localization, and number of ion channels. 
 The ability of a neuron to regulate its channel conductances in response to neuronal activity is 
now well established (Shah et al 2010).  Long-term potentiation and long-term depression lead to 
synapse specific changes in NMDA receptor and AMPA receptor localization that are fundamental to 
Hebbian learning.  Ion channels that are regulated by neural activity can often serve stabilizing functions– 
decreasing excitability following periods of high activity and increasing excitability following periods of 
synaptic depression or silence.  For example, following activity blockade, cortical neurons undergo an 
upregulation in Na+ channels and a downregulation in K+ channels that increases overall excitability 
(Desai et al 1999).  This homeostatic plasticity of voltage-gated ion channels can involve changes in 
gating, trafficking, and expression for different ion channels (Shah et al 2010).   
My data lend support to the growing body of evidence that HCN1 channels are regulated in an 
activity-dependent manner.  The nature of this activity-dependence remains unclear, however.  I showed 
that blockade of neuronal activity in organotypic cultures reduced HCN1 levels in SLM, but removal of the 
entorhinal cortex inputs did not affect channel expression patters.  This is further supported by my results 
that HCN1 is not distally enriched in dissociated hippocampal cultures, where neurons have extensive 
synaptic connections.  The activity-dependent regulation of the channels is likely linked to reports of 
calcium store-dependent regulation of HCN1 channel density (Narayanan et al 2010).  In that study, the 
authors report that depletion of intracellular calcium stores induces an increase in HCN channel surface 
density that decreases overall excitability (assumedly after high levels of activity).  In sum, synaptic 
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5.2 Distal dendritic proteins and disease 
 An ion channel subject to complicated regulation is likely to be involved in disease states, and this 
is certainly the case with HCN1.  As discussed, HCN1 levels are reduced following seizure in animal 
models of epilepsy (Jung et al 2011, Powell et al 2008, Richichi et al 2008).   
 Another potentially interesting link between HCN1 channels and disease comes from the finding 
that HCN1 levels are thought to decline with age (Wang et al 2011).  A possible link between Alzheimer’s 
disease (AD) and HCN1 regulation was recently reported (Saito et al 2012).  These authors report a 
reduction in Ih in a mouse model of AD caused by abnormally elevated levels of a protein closely linked 
with AD, amyloid Β and a strong negative correlation in HCN1 levels and amyloid beta and amyloid beta 
precursor protein.   There is a more established link between AD and reelin (Fatemi 2005, Wirths et al 
2001).  Increased reelin levels in cortical brain regions have been reported in studies both on human AD 
tissue and in mouse models of AD (Botella-Lopez et al 2006, Wirths et al 2001).  However, other studies 
have found either no changes or decreases in reelin levels in AD (Baloyannis 2005, Miettinen et al 2005, 
Riedel et al 2003).  Both despite and because of this controversy, it will be of great interest to examine 
AD brains for alterations in HCN1 levels. 
  
 
5.3 Future Directions 
Many questions are raised by the results reported here.  The mechanism of loss of HCN1 and 
GIRK1 from the distal dendrites is still unknown.  Reelin and SFK signaling could lead to enrichment of 
these ion channels in the distal dendrites through several possible mechanisms.  In one possible 
mechanism, these ion channels could be stabilized only within the distal dendrite membrane– the 
channels would be inserted throughout the dendritic membrane, but would undergo endocytosis at a 
lower rate in the distal compartment.  In an alternative mechanism, channels destined for selective 
enrichment in the distal dendrites would be trafficked directly to their final destination.  It is also possible 
that reelin and SFK signaling influence expression levels of these ion channels.  To begin to understand 
how reelin signaling influences distally enriched ion channels, a fluorescently tagged version of a distally 
enriched channel such as HCN1 would be of great use.  A virally expressed HCN1-GFP fusion protein in 
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the adult mouse hippocampus is properly targeted to SLM (Santoro et al 2009).  Preliminary results show 
that HCN1-GFP expression can be driven by viral vectors in organotypic slices.  Long-term, live-cell 
imaging experiments would allow us to track HCN1 channels in culture from the onset of reelin or SFK 
blockade.  A photo-activatable or photo-switchable HCN1-GFP (HCN1-paGFP or HCN1-psGFP) would be 
a particularly useful tool to differentiate between the possible mechanisms of distal dendritic enrichment.  
For example, a population of HCN1-paGFP could be focally labeled at the soma and imaged over time to 
determine if the channels are trafficked to SLM either directly or if are inserted in proximal dendrites first 
before being relocated to SLM.  Live-cell imaging of HCN1-GFP in organotypic cultures and acute slices 
from adult brains should help resolve these issues. 
My studies have focused on the factors required for the formation of the distal dendritic 
compartment in the postnatal development of the hippocampus.  I have shown that reelin, dab1, and 
SFKs are required for the proper localization of the ion channels HCN1 and GIRK1 to the distal dendrites 
of CA1 neurons.   Experiments in organotypic cultures and in postnatal mice demonstrate a role for the 
reelin signaling in ion channel regulation during early postnatal development.  I am extremely curious to 
discover if reelin and its signaling partners influence ion channel localization to the distal dendrites in the 
adult brain, as well.  All of the components of the reelin pathway persist into adulthood.  It is, therefore, 
possible that components of this pathway are required not just for the initial creation of the distal dendritic 
compartment, but also for its continued maintenance in adulthood, as well.  Examining localization of ion 
channels following knockdown of Dab1 in the adult hippocampus by viral injections of Cre-GFP into 
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6.1 Culture Preparation 
Organotypic culture preparation 
 Organotypic cultures were prepared from neonatal Sprague Dawley rats (Charles River) at 
postnatal day 5 to 7 as previously described (Gogolla et al 2006).  In brief, rat pups were rapidly 
decapitated.  The brain was removed and placed in ice-cold Hank’s Buffered Salt Solution (HBSS) for 4 
minutes.  The hippocampi were dissected out and placed onto filter paper on a McIlwain tissue chopper.  
The hippocampi were chopped along the transverse axis into 400 uM sections.  Sections were gently 
transferred with a paintbrush to High Serum Media (50% DMEM with Glutamax, 25% Heat-inactivated 
Donor Equine Serum, 25% HBSS, 10mM HEPES).  Sections that were not visibly damaged were plated 
onto Millicell Cell Culture Inserts in 1mL High Serum Media.  Twenty-four hours after plating, the media 
was replaced with Low Serum Media (70% DMEM with Glutamax, 5% Heat-inactivated Donor Equine 
Serum, 25% HBSS, 10mM HEPES).  Media was changed every 2 to 3 days with fresh Low Serum Media.  
Cultures were maintained in an incubator at 37°, 5/95% CO2/O2. 
 For experiments examining the role of entorhinal cortex inputs, horizontal sections were prepared 
that included both hippocampus and entorhinal cortex.  The brain was removed, placed in HBSS for 4 
minutes, and horizontal sections were cut on a vibratome.  Sections were transferred to High Serum 
Media after sectioning.  Sections were then micro-dissected using 21G needles.  In all sections, midbrain 
was removed.  In 50% of the sections, the cortex was also removed, and only the hippocampus was 
cultured.  
 Unless otherwise noted, all experimental treatments in organotypic cultures began on day in vitro 
(DIV) 8 and were terminated 48 hours after on DIV 10.  The following drugs were used:  APV (100 uM, 
Tocris), CNQX (10 uM, Tocris) PP2 (5 uM, Tocris), PP3 (5 uM, Tocris), PP1 (5 uM, Tocris), GST-RAP (50 
ug/mL, Enzo Scientific), and GST-GABARAP (50 ug/mL, Enzo Scientific). 
 Upon completion of the experiment, cultures were washed briefly in PBS and fixed for 1hr in 4% 




	  	  	  
118	  
 
Dissociated hippocampal cultures 
 P0/1 rats were rapidly decapitated and their brains removed.  The hippocampus was dissected 
out and placed in enzyme solution (50mL DMEM (Invitrogen); 10mg cystein (Sigma); 50uL 0.5M EDTA 
(Invitrogen); 25 units papain (Worthington)) for 1hr at 37°.   The hippocampus was then incubated for 5 
minutes in inactivating solution (25mg albumin (Sigma Aldrich); 25 mg trypsin inhibitor (Sigma Aldrich), 
DMEM (Invitrogen; 500uL fetal bovine serum (Hyclone); 10uL Mito Serum extender (BD Biosciences); 
10uL N-2 supplement (Invitrogen)) before manual trituration. 
 Cells were plated at high density (60,000 to 100,000 neurons/dish) onto coated, acid-washed 
glass coverslips (0.5mL Poly-D-lysine (0.5mg/ml, Sigma) and 0.5 rat-tail collagen (1mg/ml, BD 
Biosciences); 17mM acetic acid).  Dissociated hippocampal cultures were grown in Neurobasal A media 
(Neurobasal A (Invitrogen), B27 (Invitrogen), and Glutamax (Invitrogen)) at 37° with 95%/5% O2/CO2.   
 At DIV28, hippocampal cultures were fixed for 30 minutes in 4% PFA and processed for 
immunohistochemistry experiments. 
 
6.2 Immunohistochemisty and Imaging 
 Cultures were washed in 20mM glycine in PBS for 10 minutes post-fixation to quench residual 
PFA and reduce auto-fluorescence.  Cultures were then permeabilized in 0.2% Triton-X in PBS (PBST) 
for 3 ten minute washes. Cultures were then incubated in blocking solution (5% goat serum or 5% donkey 
serum in PBST) for 2 to 4 hours at room temperature (RT).  Cultures were incubated overnight in primary 
antibody in blocking solution at 4°.  See table X antibody dilutions and sources.  The following day, 
cultures were washed 3 times in PBST and incubated in secondary antibody for 2 to 4 hours at RT.  
Cultures were then washed 3 times for 10 minutes in PBS and mounted with FluoroGold mounting media.  
The majority of images were taken on a Zeiss LSM700 scanning confocal microscope.  Some 
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Antibody Source Animal Dilution 
HCN1 SantaCruz Goat 1:500 
HCN1 NeuroMab Mouse 1:50 
TRIP8b (17.3) NeuroMab Mouse 1:200 
MAP2 AbCam Chicken 1:2000 – 1:5,000 
Dab1 Rockland Rabbit 1:1000 
GIRK1 AbCam Rabbit 1:200 
GluR1 Millipore Rabbit 1:200 
KCHIP2 NeuroMab Mouse 1:200 
Netrin G ligand1 AbCam Rabbit 1:200 
Tubulin Sigma Mouse 1:50,000 (WB) 
Total SRC AbCam Mouse 1:200 
Active SRC Cell Signaling Rabbit 1:200 
GFP Invitrogen Rabbit 1:1000 
TRIP8b Neuromab Mouse 1:50 
Reelin (CR50) MBL International Mouse 1:200 
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Sholl analysis 
 Sholl analysis of neurons was performed on Cre-GFP+ and Cre-GFP- neurons filled with the 
fluorescent dye Alexa Fluoro 594.  The dendritic trees of filled neurons were traced in ImageJ using the 
NeuronJ plug-in (Meijering et al 2004).  Sholl analysis was performed in Image J using a plug-in using the 




 All mouse lines were maintained in standard conditions in accordance with guidelines established 
by the National Institute of Health and by the Institutional Animal Care and Use Committee.  C57B/6 wild-
type mice were obtained from the Jackson Laboratory.   Netrin G ligand-1 knockout mice were generously 
provided by the Shigeyoshi Itohara lab at the Riken Brain Science Institute.  Reeler knockout mice and 
wild-type littermates were purchased from the Jackson Laboratory (stock number 000235).  Dab1f/f mice 
were generously provided by Gabriella D’Arcangelo at Rutgers University and Ulrich Mueller at the 
Scripps Research Institute.    
 For organotypic and slice cultures, and for the developmental timecourse experiments, timed-
pregnant Sprague-Dawley rats were purchased from Charles River. 
  
6.4 Viral Injections 
Neonate injections 
 Neonatal rat pups age P0/1 were immersered in a latex glove in an ice-water bath for 7 minutes 
to achieve anesthesia.   Pups were then gently wrapped in a Kimwipe and taped to the platform of a 
stereotactic injection apparatus.  Tape only contacted the Kimwipe and never the skin of the pup to 
assure that no injury was sustained during the injection procedure.  A glass pipette back-filled with AAV 
virus was then lowered through the skull into the brain.  Coordinates are approximate.  In general, 
injection coordinates were 2 to 3 mm rostral to bregma and 0.2 to 0.4 cm lateral to the midline.  Multiple 
injection depths were selected ranging from 2 mm to 1mm below the cortical surface to ensure high 
infectivity throughout the hippocampus.   
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 After injections, pups were warmed under a heat lamp until they regained motility and showed 
normal behaviors.  They were then returned to the nest and covered in nesting material to help prevent 
maternal rejection.   
 
Adult Injections 
  For injections in adult mice, wild-type mice were anesthetized with 100 mg/kg animal weight and 7 
mg/kg animal weight of ketamine and xylazine, respectively, or with inhaled isoflourane.  Virus was 
delivered to the hippocampus by stereotactic injection.   A small, ~7mm incision was made in the scalp of 
the animal with medical scissors and reflecting the scalp to allow access to the skull.  The exposed region 
was swabbed with betadine and a small <1mm hole in the skull was drilled with a sterile dentist’s drill.  
Borosilicate glass pipettes were used to deliver 0.1-1 µl of high titer virus. These pipettes were through 
the hole in the skull using the stereotactic manipulator to a position corresponding to the mouse’s 
hippocampal CA2 region.  After injection, the pipette was removed and the scalp wound was sutured and 




For immunohistochemistry experiments, mice were deeply anesthetized by i.p. injection with a 
high dose of ketamine/xylazine.  Deep anesthesia was confirmed initially by tail pinch, and then by toe 
pinch to confirm the complete absence of pain response.  An incision was made midline along the 
abdomen and thorax, exposing the heart and posterior vena cava.   An 18-gauge cannula was then 
inserted into the left ventricle of the heart.   The posterior vena cava was cut with sharp scissors.   20 ml 
of ice-cold phosphate-buffered saline was perfused into the animal via the cannula in the ventricle, 
followed by 20 ml of 4% paraformaldehyde in phosphate-buffered saline.  Following the perfusion, the 




	  	  	  
122	  
Viruses 
Adeno-associated viruses were purchased from the Penn Vector Core in the School of Medicine 
Gene Therapy Program at the University of Pennsylvania.  AAV2/1 CMV.GFP.CRE virus was used to 
drive expression of Cre-GFP under control of the CMV promoter.  AAV2/1 CAG.mCHERRY virus was 
used to drive expression of mCherry under control of the CAG promoter.  The custom virus AAV2/5 




Electrophysiology in Acute Brain Slices 
Mice were anesthetized with isoflurane and decapitated 21 to 28 days after viral injection.  Brains 
were rapidly removed and submerged in an ice-cold, isotonic solution for sectioning (in mM: 10 NaCl, 2.5 
KCl, 0.5 CaCl2, 7 MgSO4, 1.25 NaH2PO4, 25 NaHCO3, 10 glucose, and 195 sucrose; equilibrated with 
95% O2 and 5% CO2).  Horizontal sections (350 µm) of the forebrain were cut using a vibrating microtome 
(Leica), and were immediately placed into an artificial cerebrospinal fluid (aCSF, in mM: 125 NaCl, 2.5 
KCl, 1.25 NaH2PO4, 25 NaHCO3, 20 glucose, 2 CaCl2, 1 MgCl2, 2 Na-pyruvate; equilibrated with 95% O2 
and 5% CO2).  Slices were incubated in aCSF at 34°C for 30 minutes, and then maintained at room 
temperature until transfer to a recording chamber beneath an upright microscope (Olympus Optical) with 
a 40x objective (LUMPLFLN 40XW, 0.8 N.A.).  Slices were perfused with fresh aCSF at 33-35°C during 
all recordings. 
Glass patch microelectrodes (2-5 MΩ) contained (in mM): 135 K-Methylsulfonate, 5 KCl, 2 
NaCl,10 HEPES, 10 Na2-phosphocreatine, 5 MgATP, 0.4 Na2GTP, 0.2 EGTA, 0.1 Alexa Fluor 594 
cadaverine (Invitrogen), and 0.2% biocytin.  Hippocampal CA1 pyramidal cells were identified under 
differential interference contrast (DIC) microscopy, and current-clamp responses were recorded with a 
Multiclamp 700A amplifier (Molecular Devices), low-pass filtered at 2-4 kHz, and digitized at 20 kHz 
(Digidata 1440A, Instrutech).  Series resistance upon whole-cell configuration was typically 7-12 MΩ, and 
cells that had initial series resistance ≥ 15 MΩ or for which series resistance increased by ≥ 5 MΩ during 
the course of experiment were excluded from analysis.  Microelectrode voltage drop (bridge) was 
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compensated at the beginning of each experiment with the automatic feature of the amplifier.  The liquid 
junction potential was not corrected for.  Data were collected and analyzed using Axograph X and Matlab 
(Mathworks).  
 
Post-hoc Identification of Recorded Neurons 
In addition to online visualization of recorded cells with Alexa Fluor 594 (Invitrogen, all cells were filled 
with 0.2% biocytin to allow for enhanced visualization with a streptavidin-bound fluorophore (Streptavidin 
Alexa Fluor 555, Invitrogen).  Immediately after recording from either an acute brain slice or an 
organotypic culture, the tissue was placed into a 4% formaldehyde solution, overnight at 4°C.  The tissue 
was then thoroughly rinsed (3×15 min) with phosphate-buffered saline and processed for 
immunohistochemistry. 
 
Electrophysiology in Organotypic Cultures 
After experimental treatment, organotypic cultures were placed directly into the recording chamber and 
perfused with ACSF at 33-35°C.  The CA1 area was identified according to organotypic landmarks, and 
current-clamp recordings of CA1 pyramidal neurons were performed as described above for slice 
preparations.  
 
6.6 Western blots 
 Western blots were performed as previously described (Santoro et al 2009) 
Brain tissue was homogenized in ice-cold homogenization buffer (10 mM Tris-HCl (pH7.4), 320 mM 
sucrose, 5 mM EDTA, with protease inhibitor cocktail (CompleteMini, Roche)) in a homogenizer, 
centrifuged for 5 min at 3000 3 g.   The supernatant was collected and spun for 20 min at 100,000 3 g. 
The pellet was resuspended in homogenization buffer with 150 mM NaCl and 1% Triton added. Protein 
concentration determined using Micro BCA reagent (Pierce).  
Proteins were separated by SDS gel electrophoresis with 8% acrylamide gels before transfer to 
the blotting transfer membrane.  Membranes were then probed with antibodies (see table).   Secondary 
antibodies: HRP-anti-rat conjugate, HRP-anti-mouse conjugate (Jackson ImmunoResearch), HRP-anti-
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rabbit conjugate (Cell Signaling). Protein bands were visualized by chemiluminescence using 
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